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The ongoing increase in atmospheric carbon dioxide (CO2) level causes pronounced shifts in ma-
rine carbonate chemistry, which leads to decrease in surface seawater pH (ocean acidification) 
and increase in total inorganic carbon (TIC). This study examines the growth, iodate to iodide 
conversion process and membrane permeability (MP) response of diatom Chaetoceros sp. CCMP 
(1690) to projected future changes in seawater carbonate chemistry in 2100 compared to the 
cultures grown under pre-industrial seawater carbonate conditions. In this study, three experi-
ments were conducted to move the pH and carbonate parameters closer to what would be 
expected in marine systems. Experiment 1 data are not included in the abstract as seawater 
carbonate parameters of treatment groups (280ppm group and 1000ppm group) were furt-
hest away from natural conditions. Whereas in experiment 2 and 3 seawater carbonate para-
meters of treatment groups were in desired ranges. During the study, 1000ppm CO2 group had 
significantly higher mean growth rates compared to Chaetoceros sp. CCMP (1690) cultures grown 
under 280ppm CO2 group (mean growth rates; experiment 2- 280ppm: 0.27 ±0.02d-1 , 1000ppm: 
0.32 ±0.01d-1); (mean growth rates; experiment 3-280ppm: 0.35 ±0.007 d-1,  1000ppm: 0.39 
±0.016 d-1). Furthermore, ocean acidification (1000ppm CO2), reduced the cell normalised iodate 
loss and iodide production (experiment 2- IO3: 1.91 ±0.65 aM/cell/day, I-: 1.06±0.08, experiment 
3- IO3: 1.03 ±0.16 aM/cell/day, I-: 0.46 ±0.059 aM/cell/day) compared to cultures that were under 
pre- industrial conditions (experiment 2- IO3: 2.23 ±0.83 aM/cell/day, I-: 1.36 ±0.22 aM/cell/day, 
experiment 3- IO3: 1.33 ±0.2 aM/cell/day, I-: 0.64 ±0.095 aM/cell/day). No direct association was 
found between the iodate to iodide conversion process of Chaetoceros sp. cultures and the 
change of membrane permeability of Chaetoceros sp. cells. In 2100, seawater carbonate condi-
tions and pH could enhance the growth of Chaetoceros sp. CCMP (1690) cultures and could re-
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Chapter 1: Introduction  
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1.1 Rising atmospheric CO2 concentration and changing seawater carbonate 
system  
Ocean acidification is one of the most important global environmental problems caused by rising 
atmospheric CO2 as a result human activities (Millero, 1995). Since the industrial revolution at-
mospheric CO2 concentration have risen from 280ppm to 406ppm (Santos et al., 2017). The 
oceans currently absorb approximately 25-30% of the CO2 added to the atmosphere from human 
activities each year, greatly reducing the impact of this greenhouse gas on climate (Hauck and 
Völker, 2015). In order for the ocean to help regulate climate and ameliorate the effect of CO2, it 
must first be absorbed from the atmosphere and then sequestered through a series of steps that 
are cumulatively referred to as the oceanic carbon cycle (Falkowski et al., 2000). The rate of the 
present increase in atmospheric CO2 is approximately a hundred times faster than in the last 
650,000 years (Siegenthaler et al. 2005). In the past 400,000 years, the oceans have not been in 
contact with an atmosphere containing more than 300ppm CO2 (Berner et al., 1980) and the 
current situation is causing major changes to seawater chemistry.  
As atmospheric CO2 concentration rise, more CO2 dissolves in the ocean which changes the chem-
ical composition of the ocean water (Sabine et al., 2004; Equation 1). When dissolved carbon 
dioxide reacts with seawater it forms carbonic acid (Equation 2; Koch et al., 2013). Some of these 
carbonic acid molecules react with water molecules to give a bicarbonate ion (HCO3- ) and a hy-
drogen ion (H+), consequently increasing ocean acidity and bicarbonate ions in the ocean (Equa-
tion 3; Koch et al., 2013). Some of the hydrogen ions produced in this stage are neutralized by 
naturally existing base in the ocean “carbonate ion (CO32−)”, thereby reducing the concentration 
of (CO32−) and generating more bicarbonate ions (HCO3-) in the ocean (Equation 4; Koch et al., 
2013). The sum of all dissolved inorganic carbon species in these equations ([CO2] + [HCO3−] + 
[CO32−]) is called total inorganic carbon (TIC; Schulz et al., 2009). Currently, <1% of TIC remains in 
the form of dissolved CO2 (including tiny amounts of H2CO3), while the rest is in the form of HCO3-
– (~90%) and CO32− – (~9%) (Rost et al., 2008).     
CO2 (atmosphere) ⇌ CO2 (aq)                          (1)                                                                                       
CO2 (aq) + H2O ⇌ H2CO3 (aq)                           (2)                                                                                             
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H2CO3 ⇌ H+ + HCO3- (aq)                                   (3)                                                                                            
H+ + CO32− ⇌ HCO3-                                             (4) 
Seawater total alkalinity (TA) is commonly defined as “the excess base” in seawater, or the sum 
of excess proton acceptors, and its component ions with respect to a zero level of protons (Equa-
tion 5; Riebesell et al., 2010).  Seawater alkalinity is regarded a measure of the buffering capacity 
of the seawater. Bicarbonate and carbonate ions are generally the biggest contributers to total 
alkalinity in the ocean (Riebessel et al., 2010). Even when the dissolved CO2 in seawater increases, 
the TA of seawater stays constant. This is because the charge balance of the solution stays the 
same, meaning that the number of positive ions generated equals the number of negative ions 
generated by these reactions (Figure 1; Raven et al., 2005). 
 [HCO3-]+ 2[CO32−]+[B(OH)4-]+[OH-]- [H+]+ minor components                             (5) 
 





1.2 Geographic variability in CO2 uptake and ocean acidification 
The exchange of CO2 between the atmosphere and the ocean is controlled mainly by three pro-
cesses, the solubility pump, the biological pump, and the CaCO3 counter pump (Joos et al., 1999). 
The combination of all these factors, which is determined by ocean characteristics, have made 
some regions of the ocean carbon sink and some others carbon source (Gruber et al., 2002). 
Overall, the oceans are a net sink of CO2 with a mean uptake of 2.3 ± 0.5 Pg carbon per year and 
the mean outgassing of CO2 is only 0.6 Pg per year (IPCC, 2007). The North Atlantic and the ocean 
region between 30°S-50°S in the Southern Hemisphere are the largest carbon sinks globally, tak-




Figure 2: Estimates of sea-to-air flux of CO2, computed using 940,000 measurements of sur-




The ocean surface is trending toward increasing uptake of CO2 (0.4 ± 0.1 Pg C year−1) due to rise 
in atmospheric CO2 (Majkut et al., 2014). Once CO2 is dissolved in seawater, the scale of change 
in pH and DIC is not only dependent on the concentration of CO2 (aq) that was formed, but also 
dependent on the natural ocean chemistry such as the surface total alkalinity level (Cao and 
Caldeira, 2008).  The global surface alkalinity shows variations across different ocean regions 
(Wolf-Gladrow et al., 2007). Alkalinity is high in the ocean gyres, and low at the equator and poles 
(Wolf-Gladrow et al., 2007). Higher alkalinity means that the seawater has greater resistance to 
a change in pH. Consequently, with increasing atmospheric CO2 concentration, the rate and scale 
of change in pH and DIC is showing some variations in different ocean regions. The predicted 
future changes in climate will alter oceanic conditions like seawater temperature, salinity, ocean 
stratification, dissolution of calcium carbonate, wind-driven seawater mixing and the formation 
of deep water masses (Harley et al., 2006). Therefore, future changes in climate will also cause 
further variations in the rate and scale of change in pH and DIC in different ocean regions (Bates 
et al., 2012).  
For the past century, more than one third of the anthropogenic CO2 released to the atmosphere 
has been absorbed by the ocean, leading to a global scale drop of pH by 0.1 from 8.2 to 8.1 (Table 
1; Sabine et al., 2004). Moreover, today the global average TIC of seawater is around 2070 mol 
kg-1, which is ~70 mol kg-1 higher than pre-industrial values (Gattuso and Lavinge, 2009; Rost et 
al., 2008). According to IPCC’s business as usual (BAU) CO2 emissions scenario (RCP 8.5), by 2100 
the atmospheric CO2 will become ~1000 ppm (IPCC, 2013). In this scenario, the oceanic uptake 
of CO2 will acidify the global current surface ocean pH 8.1 by another 0.3-0.4 units with TIC rising 
to 2191 umol kg-1 (Gattuso and Lavinge, 2009). The global average total alkalinity of seawater is 
2325 µmol kg-1 and it has stayed unchanged since the industrial revolution. Moreover, projec-
tions indicate that it will stay the same in the next few decades even under the business as usual 





Table 1: Pre-industrial, current and predicted future changes in the surface ocean carbonate 
system in response to changes in atmospheric CO2. 
 Pre-industrial (Rost 
et al., 2008) 
Today (Raven 
et al., 2005) 
BAU emissions scenario in 
2100 (Riebesell et al., 2010) 
Atmospheric concentration of 
CO2 
280 ppm 400 ppm 1000 ppm 
Average pH of surface oceans 8.2 8.1 7.7 
Total Inorganıc Carbon (TIC) 2000 mol kg-1 2070 mol kg-1 2242 mol kg-1 
Dissolved CO2 9.8 mol kg-1 13 mol kg-1 35 mol kg-1 
Total Alkalinity 2325 mol kg-1 2325 mol kg-1 2325 mol kg-1 
 
Over the past 300 million years the geological records provide evidence of past ocean pH declines  
and changes in DIC concentration (Hönisch et al., 2012). These changes were primarily driven by 
increases in atmospheric CO2 due to high volcanic activity, and ocean acidification events were 
mostly very gradual (Hönisch et al., 2012). Due to the changes in seawater carbonate system, 
mass extinctions events were observed in the geological records during these periods (Lohbeck 
et al., 2012). Today the unprecedented current and predicted future changes in ocean chemistry 
is an increasing concern, as it can adversely affect many marine organisms including the founda-
tion of the marine food web, phytoplankton (Carr and Whitton, 1982).  
1.3 Sensitivity of phytoplankton to changes in seawater carbonate system  
Phytoplankton such as cyanobacteria, diatoms, dinoflagellate and coccolithophore are crucial to 
ocean ecosystems and Earth’s climate (Basu and Mackey, 2018). Phytoplankton in the world's 
oceans fix between 30 and 50 Pg C yr-1 annually, which means more than 40% of the Earth’s 
photosynthetic carbon fixation (Falkowski, 1994). Phytoplankton are also the primary producers 
of the aquatic food web (Carr and Whitton, 1982). Globally, ~62.4% of marine primary productiv-
ity is consumed by microzooplankton and 12% is grazed by mesozooplankton (Schmoker et al., 
2013, Calbet, 2001) each year, these then become food source for other organisms in the food 
chain. Marine phytoplankton also play a vital role in other biogeochemical cycles such as nitrogen 
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fixation, the speciation of iodine, DMS production (Capone et al., 1982, Butler et al., 1981 and Six 
et al., 2013). Therefore, any change in phytoplankton productivity, physiology and their biogeo-
chemical functioning could have a significant influence on marine biodiversity, Earth’s climate 
and atmosphere-ocean related cycles.  
Globally “the photic zone” (the top 200m) is the ocean region where the greatest decrease in 
seawater pH and increase in DIC have been observed so far (Matear and Lenton, 2014). The pho-
tic zone is critically important for phytoplankton because they can only survive in this segment of 
the ocean where enough sunlight can penetrate to power photosynthesis (Meyer et al., 2016). 
The impacts of current and predicted future changes in seawater carbonate system on phytop-
lankton communities are poorly understood. Nearly all marine phytoplankton have evolved inor-
ganic carbon concentrating mechanisms (CCMs) to support photosynthetic carbon fixation at the 
concentrations of CO2 present in ocean surface waters (<10-30 microM; Reinfelder,2010). The 
biophysics and biochemistry of CCMs vary within and among the marine phytoplankton commu-
nities and may involve the activity of external or intracellular enzyme carbonic anhydrase (CA; 
Reinfelder,2010). Therefore, the influence of increasing DIC on phytoplankton photosythesis and 
growth is practically related with how they adjust their CCMs to changes in seawater DIC (Matear 
and Lenton, 2014).  Whereas, the influence of extracellular pH change might alter the cell memb-
rane permeability (the speed to transfer across a membrane) by disturbing pH homeostasis (Port-
ner, 2010). Alterations in cell membrane permeability can disturb the membrane transport of DIC 
and nutrients and can affect phytoplankton growth (Das and Mangwani, 2015).  Change in exter-
nal pH is also assumed to influence metabolic processes through affecting enzymes involved in 
the metabolic pathways in the cells, which again could have impact on the growth and processes 
run by phytoplankton (Taraldsvik and Myklestad, 2000).  It is a combination of physiological res-
ponses to changes in pH and DIC which will determine how phytoplankton communities will res-





1.3.1 Carbon concentrating mechanisms in marine phytoplankton  
CCM of different plankton species is believed to play an important part in how phytoplankton 
communities will respond to future changes in seawater carbonate system (Raven, and Beardall, 
2015). Even though CO2 (aq) is still the most easily used form by phytoplankton, different phyto-
plankton groups or species have evolved mechanisms for using different forms of inorganic car-
bon as a carbon source (Rost et al., 2008). Plankton cells acquire CO2 from the seawater mostly 
by passive diffusion across the cell plasma membrane (Raven, and Beardall, 2015). Once CO2 is 
within the cell, it diffuses across the cell’s cytoplasm and chloroplast envelope by passive diffu-
sion and used by rubisco (Raven, and Beardall, 2015). However, bicarbonate cannot pass into 
plankton cells by passive diffusion due to the electrochemical potential gradient across the cell’s 
plasma membrane (negative inside) that opposes the passive transport of bicarbonate (Raven, 
and Beardall, 2015). CO2 can be transported both by passive and active transport. The existence 
of an enzyme called carbonic anhydrase (CA) allow some plankton species to convert bicarbonate 
into carbon dioxide at the cell’s surface (Rost et al., 2008). This CO2 can then enter the cell by 
passive diffusion and reaches to rubisco (The Rubisco is an enzyme in chloroplast responsible for 
the conversion of CO2 into organic molecules during photosynthesis; Rost et al., 2008, Losh et al., 
2013). Alternatively, some plankton cells can take up bicarbonate into the cell by active transport 
through inorganic carbon (Ci) transporters (Raven, and Beardall, 2015). Once the bicarbonate is 
in the cytoplasm it could be converted into CO2 by CA. The formed CO2 then diffuses within the 
cell until it reaches to Rubisco (Raven, and Beardall, 2015). However, sometimes the bicarbonate 
in the cytoplasm is transported into chloroplast by active transport and converted into CO2 by CA 
in the pyrenoid (a protein aceous microcompartment enclosing rubisco). The generated CO2 then 
binds to the active sites of rubisco (Raven, and Beardall, 2015).  
The Rubisco’s oxygenase (photorespiration)activity that competes with carboxylation also plays 
an important part in CCMs of marine phytoplankton (Galmes et al., 2005). Photorespiration leads 
to the loss of fixed carbon and the dissipation of photochemical energy (Galmes et al., 2005). The 
specificity factor of Rubisco is a ratio measure of the relative capacities of the enzyme to catalyse 
carboxylation and oxygenation activities (Reinfelder,2010). Dinoflagellates have a significantly 
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lower carboxylation: oxygenation specificity factor compared to diatoms and coccolithophores 
(Reinfelder,2010). More than 50% of dinoflagellates photosynthetic energy is lost to photorespi-
ration (Reinfelder,2010). Like dinoflagellates, cyanobacteria also have low carboxylation: oxygen-
ation specificity factor (Read et al., 1994). All these mechanisms can show species specific varia-
tions within the phytoplankton communities and combination of all these micromechanims can 
impact how they will respond to increase in DIC.  
1.3.2 The Influence of pH on plankton cell membrane permeability  
The predicted future seawater pH can alter the structure of plankton cell membranes and this 
can lead to changes in cell membrane permeability (Sobrino et al., 2008). It is belived that at 
lower pH, a greater portion of the phospholipid head groups will be protonated, which allows 
tighter packing of the phospolipids due to reduced intermolecular electrostatic repulsion, leading 
to lower membrane permeability (Le Faucheur et al., 2011). Possible changes in membrane 
permeability can impact the movement nutrients and dissolved inorganic carbon, thus the cell 
growth (Sobrino et al., 2008).  The impacts of pH on plankton cell membrane permeability is still 
uncertain due to the limited number of studies.  
The majority of the studies indicate that there will be a decrease in membrane permeability of 
plankton cells in response to increase in acidifcation. A study conducted on three fresh water 
algal species (Pseudokirchneriella subcapitata, Chlamydomonas reinhardtii and Chlorella fusca) 
showed that cultures grown under pH 5.5 showed decrease in membrane permeability compared 
cultures grown under pH 7. A freshwater algae Chlamydomonas reinhardtii cultures grown under 
pH 5.5 also showed decrease in membrane permeability compared to cultures grown under pH 
6.5. In this study pH was manipulated using ethanesulfonic acid (MES; Le Faucheur et al., 2011). 
In contrast, in a research conducted by Sobrino et al. (2008), diatom Thalassiosira pseudonana 
(CCMP 1335) showed increase in membrane permeability under 1000ppm CO2 conditions com-
pared to cultures grown under 380 ppm CO2 conditions. This is the only study to date which has 
examined the impact of ocean acidification on membrane permeability in a marine plankton 
using a CO2 manipulation technique. Further research on this topic is necessary especially using 
CO2 manipulation technique which enhances DIC alongside altering pH.  
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1.4 Response of specific phytoplankton groups to ocean acidification 
Ocean acidification (OA) has the potential to affect the physiology and biogeochemical functio-
ning of phytoplankton due to increasing seawater pCO2 levels and lower pH. The effects of pre-
dicted future changes in seawater carbonate system on marine phytoplankton are difficult to 
predict due to their wide-ranging CCMs and physiology. The findings from studies are diverse and 
show that variability in response exists within and between taxonomic groups. Short-term labo-
ratory experiments reveal that some phytoplankton groups have enhanced growth and biogeoc-
hemical functioning under future seawater carbonate conditions, while declines have been seen 
in others (Harvey et al., 2013). Here, the current state of knowledge about the effects of increa-
sed CO2 on photosynthesis and biogeochemical functioning across marine photosynthetic taxa 
from cyanobacteria to diatoms is discussed.  
Cyanobacteria 
Marine cyanobacteria numerically dominate most phytoplankton assemblages in modern 
oceans contributing importantly to primary productivity (Sánchez-Baracaldo, 2015). Most of 
the research on cyanobacterial responses to changes in ocean pH and elevated DIC has focused 
on the diazotrophs which are bacteria and archaea that fix atmospheric nitrogen gas into a more 
usable form such as ammonia (Fu et al., 2007). The response of non-diazotrophic cyanobacteria 
to future changes in seawater carbonate system are less well studied.  
The majority of studies conducted on diazotrophic cyanobacteria suggest that under predicted 
future seawater carbonate conditions (enhanced DIC and lower pH), this group shows increase 
in photosynthesis and N2 fixation. Cyanobacteria Trichodesmium erthreaum which fixes 40% of 
the global oceanic nitrogen into ammonium (Sudek et al., 2006) grown under 2100 ambient 
pH/pCO2 conditions (~7.8/~800 ppm) showed 24% increase in C-fixation rates and 60% increase 
in N2-fixation rates compared to colonies grown under last glacial minimum conditions 
(~8.4/~150 ppm; Lomas et al., 2012). In another cyanobacteria Croccosphaera, under nutrient-
replete conditions, doubling of pCO2 from 380 ppm to 750 ppm demonstrated an increase in C-
fixation (20 to 100%) and N2-fixation (40 to 80%) rates (Fu et al., 2008). On the other hand, Black 
18 
 
Sea diazotroph Nodularia spumigena which play a major role in the annual productivity of the 
Baltic Sea and in the Peel-Harvey estuary in Australia, showed 36% decrease in cell division rate 
and 6% decrease in nitrogen fixation rates under seawater conditions with low pH and high DIC 
compared to cultures grown under higher pH and lower DIC (Czerny et al., 2009). 
The response of non-diazotrophic cyanobacteria such as Synechococcus and Prochlorococcus to 
future changes in seawater carbonate system is less well understood because only too few stu-
dies are available (Fu et al., 2007). In an in situ mesocosm experiment performed in the North 
West of Mediterranean Sea, CO2 enrichment from ambient levels to 1250 ppm, did not impact 
the total biomass (chlorophyll a level) of Synechococcus (Gazeau et al., 2017).  In a study con-
ducted by Fu et al. (2007), the growth rate of Synechococcus (CCMP 1334) were slightly higher 
under 750 ppm CO2 conditions compared to cultures grown under 380 ppm CO2 conditions. 
Procholorococcus (CCMP 1986) growth rate stayed unaffected (~0.38 d-1) under 750 ppm CO2 
conditions. In view of their potential ecological and biogeochemical implications, further investi-
gations on the impact of ocean acidification on non- diazotrophic cyanobacteria are clearly nec-
essary (Rost et al., 2008).  
Coccolithophores  
Coccolithophores have been in the focus of discussion in the consequences of ocean acidification 
research because of their sensitivity in processes such as photosynthesis and calcification (Rost 
et al., 2003). In species such as Emiliania huxleyi, photosynthesis was found to be well below 
saturation under present-day carbonate chemistry and, hence, photosynthesis generally in-
creases under elevated CO2 levels (Rost et al., 2003). For instance, E. huxleyi strain PLY M219 
showed an increase in growth rate about 20% under lower pH and higher pCO2 (Shi et al., 2009). 
The strong CO2 sensitivity of photosynthesis is consistent with the low-affinity Rubisco observed 
in E. huxleyi (Rost et al., 2003). Although E. huxleyi strain showed increased growth rate response 
to predicted future seawater carbonate conditions, on the other hand, coccolithophore Calcidis-
cus leptoporus (strain RCC1135) showed that dilute batch cultures grown at different levels of 
CO2 ranging from ∼200 to ∼ 1532ppm combined with pH levels ranging from 8.33 to 7.86 showed 
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decrease in growth rate from 0.7 d- 1  to 0.21 d-1 correlated with increase in CO2 levels and de-
crease in pH (Langer et al., 2011). Taken together these studies suggests that although E. huxleyi 
strains could benefit from future seawater carbonate conditions in terms of growth rates, on the 
other hand, the growth rates of some other coccolithophores could severly decline. 
 Mesocosm studies suggest that calcification by coccolithophore will be reduced in response to 
ocean acidification (Dellile et al., 2005). Riebesell et al. (2000) observed that E. Huxleyi strain PML 
B92/11A cultures grown under high pCO2 (800 ppm) and low pH (7.8) showed 15.7% decrease in 
the rate of calcification compared to cultures grown under lower pCO2 (200 ppm) and higher pH 
(8.4).  In a study conducted by Jones et al. (2013), Emiliania huxleyi (strain NZEH) also showed 
less calcification under 1340ppm CO2 compared to cultures that were under 395 ppm CO2. Most 
of the understanding on the sensitivity of coccolithophores to ocean acidification is predomi-
nantly focussed on E. huxleyi, research on other coccolithophore species are required.  
Dinoflagellates 
Most studies done about the impacts of ocean acidification on dinoflagellates indicate no effect 
or negative effect of ocean acidification. Thoracosphaera heimii is the most common calcareous 
dinoflagellate species in subrophic and tropical waters (Van et al.,2013). In a study conducted by 
Van et al. (2013), under elevated pCO2 (1400 ppm CO2) dinoflagellate Thoracosphaera heimii 
showed a reduction in growth rate, calcification and cyst stability compared to cultures grown 
under 150 ppm CO2 conditions (Van et al., 2013). In contrast,  dinoflagellate Prorocentrum mini-
mum did not show any change in growth rate under elevated CO2 (750 ppm) compared to cul-
tures grown under 375 ppm CO2 conditions (Fu et al., 2008). In an in situ mesocosm experiment 
performed in the coast of Gran Canaria in the eastern subtropical North Atlantic, both under 
oligotrophic conditions and during nutrient fertilization, elevated CO2 from ambient levels to 
1000µatm caused reduction in dinoflagellate biomass (Taucher et al., 2018). The number of stud-





Laboratory experiments simulating Intergovernmental Panel on Climate Change (IPCC) pCO2 sce-
narios for 2100 have generally shown variable results for diatom growth rates, physiology and 
their biogeochemical functioning. (Hoogstraten et al., 2012). This is because apart from CCM, it 
is belived that some cell features of diatoms such as bloom-forming ability and cell size can play 
a role in they will respond to future changes in the seawater carbonate system (Wu et al.,2014). 
Therefore, although there are many studies conducted on diatoms, the results of these studies 
are variable.  
Evidence from across the various studies performed to date suggests that cell size could play a 
fundamental role as to whether (and how) diatoms ultimately respond to ocean acidification. In 
a study conducted by Wu et al. (2014), an increase in pCO2 from 190 to 750 ppm resulted in a 5% 
to 33% increase in diatom growth rate, with the largest CO2 growth enhancement occurring in 
the largest diatom species (>40 µm). The small- to medium-sized diatom species, with diameters 
ranging from 4 to 30 µm, exhibited only minor, ~5% enhancement in growth with increasing CO2. 
Larger cell volumes are associated with smaller surface area:volume   ratios,   larger   diatoms are 
less able to rely on passive diffusion of CO2 to meet their DIC needs and must  expend  more  
energy  to  transport  DIC into the cell. Thus, they save more on energy than smaller cells when 
CCMs are down-regulated at elevated CO2.  While this finding is logically satisfying, it is not an 
absolute rule:  at least one large diatom, the psychrophile Proboscis alata, exhibited profound 
reduction in growth rate under elevated CO2 (Hoogstraten et al., 2012).  
The variability in studies about the sensitivity of diatoms to ocean acidification confirms that 
CCMs of diatoms show species specific variations. The studies below show the diatom cells that 
did not show change in growth rates in reponse to elevated CO2.. In a study conducted on Phae-
odactylum tricornutum (Bohlin) strain CCAP 1052/1A grown under very high CO2 concentration 
(5000 ppm), showed no change in growth and C fixation (Burkhardt et al., 2001). Although no 
change in growth rates were observed for this diatom, the CCM of this species is down-regulated 
under high CO2, showing lower cellular affinities for inorganic carbon (Burkhardt et al., 2001; Wu 
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et al., 2012). Moreover, a polar diatom species Rhizoslenia cf. alata also did not show change in 
growth rates under 350ppm CO2 compared to cultures that grown under 180ppm CO2 (Riebesell 
et al., 1993). Another diatom “Thalassiosira weisflogii” known with its high tolerance to CO2, did 
not show any difference in growth rates when cultures were grown under 750ppm CO2 compared 
to cultures that grown under 380ppm CO2 (Shi et al., 2009 and Ishida et al., 2000).  These studies 
showed that even at very high CO2 concentrations some diatom species do not show reponse to 
changes in seawater carbonate system.  
Some other diatoms were reported to show enhancement in growth rates when supplied with 
high CO2. For instance, Thalassiosira pseudonana (CCMP1335) showed an increased maximum 
photosynthetic rate (Pmax) and an increased PE curve half saturation constant (Ek) under 1000ppm 
CO2 compared to cultures grown under 380ppm. This suggests that more light was required to 
saturate photosynthesis (Sobrino et al., 2008). In this experiment, the growth rate of this diatom 
also increased by 20% under high CO2 and the PE curve suggests that the experimental light con-
ditions (~ 250 µE m–2 s –1) were no longer saturating after CO2 increased (Sobrino et al., 2008). In 
an in situ mesocosm experiment performed in the Southern Ocean increasing CO2 concentration 
from 100 ppm to 800ppm increased the relative abundance percentage of larger chain-forming 
diatom Chaetoceros spp. from ~10% to ~30% (subgenus Hyalochaetae; Tortell et al., 2008). Ma-
rine diatom skeletonema costatum also showed increase in chlorophyll a content under elevated 
CO2 conditions (1000 ppm) compared to cultures grown under 350 ppm conditions (Chen and 
Gao, 2004).  Although the diatom Phaeodactylum tricornutum strain CCAP 1052/1A mentioned 
above did not show any enhacement in growth under elevated CO2, in a research conducted by 
Wu et al. (2010), the marine diatom Phaeodactylum tricornutum (CCMA 106) cultures grown un-
der 101.3 Pa pCO2 level (pH 7.80), showed 5% increase in growth and 12% enhancement in pho-
tosynthetic carbon fixation rates compared to cells grown at ambient CO2 (39.3 Pa pCO2 level- pH 
8.15). This shows that even the different strains of the same diatom can show variability in how 




A few studies have also shown that decreased pH and increased pCO2 in combination with 
changes in environmental factors such as light or nutrient availability can make some diatoms 
change how they reponse to ocean acidification. In a study conducted by Gao et al. (2012), dia-
tom species (Phaeodactylum tricornutum, Thalassiosira pseudonana and Skeletonema costatum) 
grown over range of PAR at both ambient (380ppm) and increased CO2 concentrations as pro-
jected for the end of this century (1000 ppm). At low PAR levels specific growth rates (μ) of the 
high-CO2-grown cells were higher than those kept under ambient CO2, this trend reversed at 
higher PAR levels. At high PAR levels specific growth rates of the low-CO2 grown cells were higher 
than those kept under high-CO2-grown cells. Therefore, this indicates the high sensitivity of some 
diatoms’ to ocean acidification under additional environmental factors. Considering all these la-
boratory studies further research is necessary to be able understand more about the effects of 
predicted future ocean acidification on diatom species.  
Diatoms play an important role in many biogeochemical cycles. For instance, diatoms take up 
about 264.98 Tmol yr−1 of silicic acid and 16.56 Tmol yr−1 of phosphorus at the ocean surface 
contributing to the ocean's silicon and phosphorus cycle (Yool and Tyrrell, 2003). Moreover, it 
was found that they also play an important role in DMS cycle and iodine cycle. For instance, in 
Northern Canada's territory, DMSPp concentrations within the bottom layer of ice reached 1055 
mg S m-3 at the end of the vernal bloom, this value is higher than the maximum value reported 
in antarctic ice. This high concentration was related with the abundance of the dominant pennate 
diatom Nitzschia frigida (Levasseur et al. 1994). In research conducted at the Weddell Sea, it was 
also found that diatoms play an important role in iodine emissions from the sea ice of the Wed-
dell Sea (Atkinson et al., 2012). The highest iodide concentration (~110nm) was observed at -
70cm ice depth. The is also the point of ice depth in which highest Chl a concentration (~85 µg/l) 
was observed (Atkinson et al., 2012). It is uncertain how ocean acidification will alter the role 
diatoms in these biogeochemical cycles. If ocean acidification alters the diatoms biogeochemical 






1.5 Phytoplankton role in the biogeochemical cycle of iodine in the environment  
Interest in marine inorganic iodine has increased in recent years as iodine emissions from the 
ocean can influence the formation of new aerosol particles with impacts on cloud formation and 
radiative balances (O'Dowd et al. 2002). Moreover, it plays an important role in ozone cycling 
and deposition at the sea surface (Carpenter et al., 2013). Tropospheric ozone reacts with iodide 
at the sea surface releasing; both hypoiodous acid and molecular iodine to the atmosphere (Car-
penter et al., 2013; MacDonald et al., 2014). This ozone deposition reduces the global warming 
effects of ozone in the troposphere (Carpenter et al., 2013). Prados-Roman et al. (2015) suggests 
that up to 75 % of total iodine oxide found in the marine troposphere may be originating from 
this reaction.  
In fully oxygenated seawater dissolved inorganic iodine is present as iodide and iodate (Luther et 
al. 1995). Iodide oceanic depth profiles tend toward a mirror image profile for iodate and iodide, 
where iodate has its minimum and iodide its maximum at the sea surface (Figure 3; Bluhm, 2010). 
In deeper waters, below the euphotic zone, iodide decreases to low levels (<5nmol L-1), while 
iodate increases to a relatively constant level of about 450nmol L-1 (Truesdale et al. 2000). The 
accumulation of iodide in surface water is still not well understood; with neither its source nor 
its sinks are well-defined (Chance et al., 2014). It has been suggested that the relatively high con-
centrations of iodide in surface waters are related to primary productivity (Truesdale et al. 2000 
and Chance et al., 2014). Although abiotic mechanisms have been proposed for as driving some 
changes in inorganic iodine speciation in surface water, there is evidence that biological pro-
cesses and in particular the phytoplankton community play an important role in the reduction of 




Figure 3: Typical vertical profiles of iodide, iodate, and total iodine in seawater from the Tropi-
cal Atlantic Ocean (Bluhm, 2010).  
 







The reduction of iodate to iodide has been observed in a wide range of different phytoplankton 
groups. A comprehensive study examining the reduction of iodate to iodide was carried out by 
Wong et al. (2002). In this work the six different phytoplankton species tested were able to re-
duce iodate to iodide.  Wong et al. (2002), indicated that when Synechococcus sp (CCMP 1334) 
was exposed to 10 µm iodate, by day 29 it dropped the iodate concentration to 5 µm and formed 
1.6 µm iodide. In their study, when Dunaliella tertiolecta (CCMP 1320) was exposed to 10 µm 
iodate, by day 29 it dropped the iodate concentration to 6.8 µm and formed 2.3 µm iodide. Wong 
et al. (2002), found no clear relationship between iodide production and growth phase of the 
culture. In another study conducted by Bluhm et al. (2010), showed that when Pseudo-nitzschia 
turgiduloides was exposed to 5200 nM iodate, it dropped the iodate concentration to 4850 nM 
by day 34 and produced 300 nM iodide. Emiliania huxleyi (CCMP 371) also showed iodate uptake, 
by reducing the iodate concentration from 5000 nM to 4700 nm in 42 days. 400 nM iodide pro-
duction also been observed.  This study mentions that iodide production commenced in the sta-
tionary growth phase of the algae and peaked in the senescent phase of the algae, indicating that 
iodide production is connected to cell senescence. This suggests that iodate reduction results 
from increase cell permeability (Bluhm et al., 2010).  In a recently published study by Hepach et 
al. (2020), also reported the reduction of iodate to iodide by different phytoplankton groups. For 
example, diatom Chaetoceros gelidus (RCC 4512) showed 4.1 ± 4.6 amol cell-1 d -1 rate of iodate 
uptake and 1.5 ± 1.4 amol cell-1 d -1 rate of iodide production when it was exposed to 286 ± 7 nM 
iodate. This study also suggests the potential for a link between iodate reduction and cell senes-
cence. However, it is important to note that in none of these studies cell membrane permeability 
was measured. 
Ocean acidification could influence iodate to iodide transformation process of phytoplankton 
cells. However, there are no studies available on this topic. Moreover, the role of plankton cells 
membrane permeability on iodate reduction process remains unclear. If there is a link between 
the membrane permeability and iodate reduction, and if predicted future changes in seawater 
carbonate system impacts cell membrane permeability, this can have an influence on cycling of 
iodine species in the marine environment and atmospheric chemistry and composition. There-
fore, it is vital to understand the impacts of ocean acidification on both the growth of marine 
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phytoplankton and how this impacts their biogeochemical role in processes such as iodate to 
iodide cycling.  
The aim of this study is to establish the impacts of projected future changes in seawater car-
bonate system on diatoms growth and their biogeochemical role. The diatom Chaetoceros sp. 
CCMP (1690) was used as a model organism in this study. Chaetoceros sp. was chosen for this 
study as the largest genus of marine planktonic diatoms with approximently 400 species de-
scribed. Chaetoceros species have a worldwide distribution, and they often dominate marine 
ecosystems (Lee, 2011). Furthermore only a few studies have studied the impact of acidification 
on this genus with mixed results (Khairy et al., 2014; Li et al., 2017; Hoppe et al., 2018) and it is 
known to mediate iodidate-to-iodide conversion (Hepach et al., 2020). The objectives are to es-
tablish if there are differences in growth rates of Chaetoceros sp. cultures grown at pre-industrial 
and predicted future ocean conditions in 2100 and to establish if past and future seawater car-
bonate conditions impact membrane permeability and inorganic iodine cycling in Chaetoceros 











Chapter 2: Methods  
2.1 Seawater carbonate system adjustments  
All trials and experiments were undertaken using the set-up shown in Figure 4. Before conducting 
the experiments, several trials were done to establish the best method to achieve similar sea-
water carbonate parameters of pre- and post-industrial times (Table 2). The results of the trials 
are shown in (see Appendix 1 and 2.).  
 
Figure 4: Schematic of an experimental flask showing the inoculation of acidified f/2 +si and 
sample taking from bottom hole of the conical flask. CO2 (Carbon Dioxide air mixed; 280ppm 
or 1000ppm) supply into the flask and the CO2 release from the flask was achieved via the use 
of glass tubings connected at the top part of the flask. The valves attached to the glass tubings 




Table 2: Pre-industrial and predicted future changes in the surface ocean carbonate system in 
response to changes in atmospheric CO2. 
 Pre-industrial (Rost et al., 
2008) 
BAU emissions scenario in 2100 
(Riebesell et al., 2010)     
Atmospheric concentration of CO2 280 ppm 1000 ppm 
Average pH of surface oceans 8.2 7.7 
Total Inorganıc Carbon (TIC) 2000 mol kg-1 2242 mol kg-1 
Dissolved CO2 9.8 mol kg-1 35 mol kg-1 
Total Alkalinity 2325 mol kg-1 2325 mol kg-1 
 
2.1.1 Adjustment of pre-industrial seawater carbonate parameters  
In the first three trials, two liters of f/2+si was bubbled with 280ppm CO2 (Carbon Dioxide air 
mixed; BOC) with a flow rate of 10 cm3/s at 25°C. without acid addition. The desired pH values 
were not achieved during the first three trials (trial one to three). Therefore, the bubbling of last 
two trials were conducted after HCl (1 M; Fisher Reagent Grade) addition. In the last two trials 
(trial 4 and 5), the desired similar pre-industrial seawater carbonate parameters were achieved. 
After these trials, the best method set to obtain similar pre-industrial seawater conditions is to 
first lower the f/2 +si media pH to 8.2 by using HCl (1 M; Fisher Reagent Grade) and then bubble 
the media with 280 ppm CO2 for 2 hours with a flow rate of 10 cm3/s. This method was set using 
approaches and tools from (Riebesell et al., 2010); (Rost et al., 2008); (Shi et al., 2009) and (Langer 
and Bode, 2011). 
2.1.2 Adjustment of 2100 seawater carbonate parameters  
In the first three trials (trial one to three), two liters of f/2+si was bubbled with 1000ppm CO2 
(Carbon Dioxide air mixed; BOC) with a flow rate of 10 cm3/s at 25°C without acid addition. How-
ever, as the desired pH values were not achieved, the bubbling of the last five trials (trial four to 
eight) were conducted after HCl (1 M; Fisher Reagent Grade) addition. In the last two trials (trial 
7 and 8), the desired similar 2100 seawater carbonate parameters were achieved. After these 
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trials, the best method set to make 2100 seawater conditions is to first lower the f/2 +si media 
pH to 7.8 by using HCl (1 M; Fisher Reagent Grade) and then bubble the media with 1000 ppm 
CO2 for 2 hours. This method was set using approaches and tools from (Riebesell et al., 2010); 
(Rost et al., 2008); (Shi et al., 2009) and (Langer and Bode, 2011). 
2.2 Stock cultures  
Stock cultures of Chaetoceros sp. CCMP (1690) were formed using clonal cultures obtained from 
Arabian Sea (23.65° N 58.7° E) by CCMP. Stock cultures were grown in sterile f/2 +si media made 
up in ESAW artificial seawater mix held at 25 °C in a constant temperature room (CCAP, 2014 and 
Berges et al., 2001). During the preparation of medium, all nutrients except vitamin B12 were 
sterelised using by autoclaving. Vitamin B12 was sterilised by passing it through 0.2 μm hydro-
philic nylon membrane filter (Millipore). Light was provided to stock cultures using LED (blue + 
red) with a light intensity of 100 µmol m-2 s-1 set on a 12:12 light/dark cycle. Cultures were grown 
under these conditions for five days before they were used for preparing experimental cultures 
for experiments.  Cultures were obtained from single stock in each experiment. All handling of 
cultures during this research was done in a biosafety cabinet to reduce the risk of contamination. 
2.3 Experimental Design  
In all experiments, after adjusting seawater carbonate parameters (see section 2.1.1 and 2.1.2), 
Chaetoceros sp. cultures were inoculated to the flasks. Flasks were then placed into the same 
growing conditions of stock cultures (see section 2.2). During the experiments further CO2 bub-
bling and/or acidified f/2+ si additions were done to keep the pH and CO2 at a desired level when 
necessary (see below). Acidified f/2-si (1.50 pH) was formed by the addition of HCl (1 M; Fisher 
Reagent Grade) to f/2+ si media. In each experiment, triplicate Chaetoceros sp.  CCMP (1690) 
cultures were grown at seawater carbonate conditions similar to pre-industrial time and another 
triplicate Chaetoceros sp. cultures were grown at seawater carbonate conditions that were as 
close as possible to expected seawater carbonate conditions in 2100 (Table 2). In all experiments, 
different variables were measured at different time point due to time constraints. All samples 
were taken from the bottom of conical flasks after stirring using syringe (Figure 4).  
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2.3.1 Experiment 1 
During the experiment there was no further acid addition to treatment groups, but CO2 bubbling 
was done periodically. Table 3 shows the time points and length of CO2-enriched air bubbling 
times. Samples for carbonate system and in vivo fluorescence measurements were taken at four 
different time points (day 0, 3, 5 and 6). All samples were taken before bubbling with CO2.  
Table 3: The time points and the length of CO2 bubbling times of both treatment groups in 
experiment 1  
 Time points of CO2 bubbling  The length of CO2 bubbling times  
Day 0 25 minutes 
Day 3 25 minutes 
Day 4 30 minutes 
Day 5 30 minutes 
Day 6 25 minutes 
 
2.3.2 Experiment 2  
During the experiment at day 2, 10 ml acidified f/2+si (1.50 pH) was added to 280ppm group and 
30ml acidified f/2+si (1.50 pH) was added to 1000ppm group. The Table 4 shows the time points 
and the length of CO2-enriched air bubbling times. Samples for carbonate system and in vivo 
fluorescence measurements were taken at seven different time points (day 0, 4, 6, 8, 10, 12, 14), 
for cell counts and membrane permeability at five different time points (day 0, 2, 6, 9 and 12) 
and for inorganic iodine at four different time points (day 0, 6, 12 and 14). All samples were taken 





Table 4: The time points and the length of CO2 bubbling times of both treatment groups in 
experiment 2 
Time points of CO2 bubbling  The length of CO2 bubbling times  
Day 0 30 mintues  
Day 2 25 minutes  
Day 4 30 minutes 
Day 6 30 minutes 
Day 8 30 minutes 
Day 10  25 minutes  
Day 12 30 minutes   
Day 14  25 minutes  
 
2.3.3 Experiment 3  
The Table 5 shows the time points and the volumes of acidified f/2+si (1.50 pH) additions during 
the experiment. Whereas the Table 6 indicates the time points and the length of CO2-enriched 
air bubbling times. Samples for carbonate system measurements were take at eight different 
time points for pH at day 0, 2, 4, 6, 8, 11, 12, 14 whereas for CO2 and TIC at day 0, 2, 4, 6, 8, 10, 
12, 14. For in vivo fluorescence measurements samples were taken at seven different time points 
(day 0, 2, 4, 6, 9, 11, 15), for cell counts and membrane permeability measurements at five dif-
ferent time points (day 0, 3, 9, 13, 15) and for inorganic iodine at five different time points (day 







Table 5: The time points and the volumes of acidified f/2+ si additions to treatment groups in 
experiment 3 
Time points of acidified f/2+si ad-
ditions 
The volume of acidified f/2 si additions to treat-
ment groups 
 280 ppm                           1000ppm 
Day 2 10ml 30ml 
Day 4 5ml 10ml 
Day 6 10ml 20ml 
Day 10 10ml 20ml 
Day 12 5ml 10ml 
 
Table 6: The time points and the length of CO2 bubbling times of both treatment groups in 
experiment 3  
Time points of CO2 bubbling  The length of CO2 bubbling times  
Day 0 2 hours 30 mintues 
Day 1 2 hours 30 minutes 
Day 2 2 hours 30 minutes 
Day 3 2 hours 30 minutes 
Day 4 2 hours 30 minutes 
Day 5 2 hours 30 minutes 
Day 6 2 hours 30minutes 
Day 7 2 hours 30 minutes 
Day 8 4 hours 
Day 9 6 hours 
Day 10 6 hours 
Day 11 6 hours 
Day 12 6 hours 
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Day 14 6 hours 
 
2.4 Carbonate chemistry measurements  
During the trials for carbonate system adjustments, pH measurements were done using Fisher-
brand accumet AB 150 pH benchtop meters (pH accuracy: ±0.002), dissolved CO2 measurements 
were done using NaOH (1 M; Fisher Reagent Grade) titration technique and TIC measurements 
were done using vario TOC analyser. However, throughout the experiments (1, 2 and 3) pH meas-
urements were measured by spectrophotometric pH technique and the other two carbonate sys-
tem parameters (dissolved CO2 and TIC) were measured the same way. Detailed description be-
low. The precision of the carbonate system measurements was calculated by repeat standard 
analysis of study samples.  
2.4.1 pH measurements in experiments 
-2.4.1.1 Fisherbrand accumet AB 150 pH benchtop meter 
The benchtop meter was calibrated using three buffer solutions with pH values 2, 5 and 9. After 
the calibration process, the probe was placed within the flask and the pH measurements were 
taken. The precision of this method is 0.14%.  
-2.4.1.2 Spectrophotometric pH determination of seawater  
Firstly, samples were filtered gently using 47mm filter paper with pore size 0.7μm. Secondly, the 
salinity of the sample was determined using the temperature (kelvin) and the conductivity (µS 
cm -1) measurements of the sample. The salinity of the sample was recorded. Secondly, 2 mmol 
L -1 solution of m-cresol purple dye was prepared and its pH was adjusted to 7.9 ± 0.1 using HCl 
(1 M; Fisher Reagent Grade) or NaOH (1 M; Fisher Reagent Grade). Once the solution was ready, 
the UV-1800 spectrophotometer was auto-zerod using f/2+si. After that 2.5ml sample was trans-
ferred into a cuvette and the absorbance was measured at 434nm, 578nm and 730nm. After that 
the absorbance of the sample was measured again at 434nm, 578nm and 730nm but this time 
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after the addition of 100µl m-cresol purple dye. Using these measurements, pH was calculated 
using the following the following steps and equations in SOP 6b (Riebesell et al., 2010). The pre-
cision of this method is 0.11%.  
2.4.2 NaOH titration technique for dissolved CO2 measurements   
Samples were filtered gently using 47mm GF/F (Whatman) filter paper with pore size 0.7μm. The 
first filtrate was discarded as it gets in touch with the air within the filter. After that, 50 ml sample 
was filtered into a beaker. Then 2 drop of phenolphthalein indicator (Fisher Scientific) was added. 
NaOH (1 M; Fisher Reagent Grade) titration was then done using autopipette. The value is in µl 
and it was converted into mg. After that this value was divided with 50 (the volume of the 
sample). Following the unit conversion this value was then divided by 12 (carbon atomic mass). 
This value is the concentration of CO2. This process is repeated for two more times and the ave-
rage of these three measurements was accepted as the dissolved CO2 level. Detecting dissolved 
CO2 levels lower than 10µmol kg-1 becomes less accurate as it becomes more difficult to find the 
end point of the titration. The maximum possible variation in CO2 measurements using this 
method is 0.10%. 
2.4.3 Total Inorganic Carbon measurements 
TIC measurements were done using Vario TOC analyser (elementar). The concentration of the 
standard solutions for TIC measurements were from 0mg/l to 24mg/l. The samples were filtered 
using 47mm GF/F (Whatman) filter paper with pore size 0.7μm before placing them into TOC 
analyser for TIC measurements. The precision of this method is 0.38%. 
2.5 In vivo fluorescence and growth rate calculation 
Fluorescence measurements were done after 20 minutes of dark-adapting samples using Turner 
Trilogy Fluorometer operated in “blue” mode. Using fluorescence measurements, growth rates 
were calculated using equation 7 (Maier, 2009) 























 = fluorescence at time t, t = time, µ = specific growth rate (t-1) 
 
2.6 Inorganic iodine measurements  
All samples were filtered with 47mm filter paper with pore size 0.7μm before iodine measure-
ments. Iodate concentrations were measured by spectrophotometric determination of iodate 
(Campos, 1997). The concentration of Potassium Iodate solutions used for the calibration of UV 
spectrometer for iodate analysis were from 0nM, to 500nM. The precision of this method is 
0.30%. Iodide concentrations were measured using cathodic stripping square wave voltammetry 
(Luther et al., 1998). Triton X-100 was added to samples before measurements to enhance the 
sensitivity of mercury electrode’s to iodide. Samples were purged for 4 min with nitrogen gas; 
preventing oxygen from becoming redissolved in the sample. Potassium iodide was used to be 
able to obtain the iodide peak heights. The scan was typically from-0.10 to -0.90 V. The recorded 
iodide peak heights, sample volume, the volumte of Triton X-100 and the volumte of potassium 
ioide added were then used to calculate ioide concetration within the samples.  
2.7 Membrane permeability measurement and cell counts 
Flow cytometry and cell staining technique were used to measure membrane permeability of 
phytoplankton cells and cell counts (Agustí et al.,2015). 500 ul of sample volume was stained with 
100ul of PI / Syto 9 staining solution (2.5 ul Syto (Invitrogen) 9, 5mM: 10ul PI (Invitrogen) 1mg/ml, 
1ml seawater).  Staining incubation time was 5 minutes at room temperature.  Sample was analy-
sed in duplicate on a flow cytometer, CytoFlex LX (Beckman Coulter). Syto 9 was excited with 
488nm laser, emission 525/40nm; PI was excited with 561nm laser, emission 610/20nm; Chlo-
rophyll auto fluorescence was excited by 561nm laser, emission 710/50; 10,000 chlorophyll 







 This study has 5 null hypotheses: Ho a: The mean growth rates of Chaetoceros sp. cultures grown 
at pre-industrial and future ocean conditions have no difference. Ho b: The mean cell-normalised 
iodate uptake of Chaetoceros sp. cultures grown at pre-industrial conditions and future ocean 
conditions have no difference. Ho C: The mean cell-normalised iodide production of Chaetoceros 
sp. cultures grown at pre-industrial conditions and future ocean conditions have no difference. 
HoD: The membrane permeability of Chaetoceros sp. cultures grown at pre-industrial and future 
ocean conditions have no difference. HoE: There is no correlation between the change in mem-
brane permeability of Chaetoceros sp. Cells and iodate to iodide conversion process.  
2.9 Data analysis 
2.9.1 Experiment 1 
-pH data  
The mean pH of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and predicted 
future ocean conditions over 6 days were tested for normality using Kolmogorov-Smirnov test. 
This showed that 6 days data are not normally distributed (p-value <0.05). Therefore, the mean 
pH of two treatment groups over 6 days were compared using Mann Whitney U test.  
-Growth rates data  
The mean growth rates of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and pre-
dicted future ocean conditions over 6 days were tested for normality using Kolmogorov-Smirnov 
test. This showed that 6 days data are not normally distributed (p-value <0.05).  The mean growth 
rate of two treatment groups were then compared using Mann Whitney U test. 
-Dissolved CO2 data  
In all experiments, the mean dissolved CO2 of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial and predicted future ocean conditions were tested for normality using 
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Kolmogorov-Smirnov test. This showed that data are not normally distributed (p-value <0.05).  
The mean dissolved CO2 of two treatment groups were then compared using Mann Whitney U 
test. 
-Total Inorganic Carbon (TIC) data  
In all experiments, the mean TIC of Chaetoceros sp. CCMP (1690) cultures grown at pre-indus-
trial and predicted future ocean conditions were tested for normality using Kolmogorov-
Smirnov test. This showed that data are not normally distributed (p-value <0.05). The mean TIC 
of two treatment groups were then compared using Mann Whitney U test. 
2.9.2 Experiment 2  
-pH data  
The mean pH of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and predicted 
future ocean conditions over 14 days were tested for normality using Kolmogorov-Smirnov test. 
This showed that 14 days data are normally distributed (p-value >0.05) and also the variances are 
equal (p>0.05). Therefore, the mean pH of two treatment groups over 14 days were compared 
using independent T-test.  
-Growth rates data  
The mean growth rates of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and pre-
dicted future ocean conditions over 14 days were tested for normality using Kolmogorov-Smirnov 
test. This showed that 14 days data are normally distributed (p-value >0.05) also the variances 
are equal (p>0.05). The mean growth rate of two treatment groups were then compared using 
independent T-test.  
-Iodine data 
After dilution calculation adjestments of iodine data, the mean iodate uptake and iodide produc-
tion of two treatment groups (not-cell noramised rates), also the mean iodate uptake and iodide 
production per cell/ per day (cell-normalised rates) were tested for normality using Kolmogorov-
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Smirnov test. The means of treatment groups were then compered using either using Mann Whit-
ney U test or using independent T-test.  It is often difficult to use the biomass to normalise rates. 
In this study, cell counts were used to calculate iodate uptake rates and iodide production rates 
“per cell/per day” for both treatment groups. For experiment 2, iodate uptake and iodide pro-
duction rates per cell for both treatment groups were calculated using both middle (day 6) and 
last cell counts (day 12).  However, only the cell-normalised iodate uptake and iodide production 
rates that were calculated from last cell counts were taken into consideration. This was because, 
using last cell counts gave the Chaetoceros cells the longest time to be exposed to the desired 
seawater carbonate conditions.  
-Membrane permeability data  
The mean percentage of cells with permeable membrane were tested for normaility for both 
treatment groups using Kolmogorov-Smirnov test. One-way/two-way ANOVA were used to un-
derstand if time, treatment conditions and the interaction between the time and the treatment 
conditions had an influence on the mean percentage of cells with permeable membrane for both 
treatment groups. Following this, Posthoc test: Tukey and T-Test was used when necessary. Pe-
arson Correlation was used to find if there is a correlation between iodate uptake and membrane 
permeability of Chaetoceros sp. CCMP (1690) cultures and also to find if there is a correlation 
between iodide production and membrane permeability of Chaetoceros sp. CCMP (1690) cul-
tures. To be able to do this, the rates of change for iodate uptake and iodide production between 
individual time points were correlated with membrane permeability of that point in time. This 
was done for both treatments together and it included replicate data of inorganic iodine. 
2.9.3 Experiment 3  
-pH data  
The mean pH of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and predicted 
future ocean conditions over 14 days were tested for normality using Kolmogorov-Smirnov test. 
This showed that 14 days data are not normally distributed (p-value <0.05). The mean pH of two 
treatment groups were then compared using Mann Whitney U test. 
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-Growth rates data  
The mean growth rates of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial and pre-
dicted future ocean conditions over 15 days were tested for normality using Kolmogorov-Smirnov 
test. This showed that 14 days data are normally distributed (p-value >0.05) and also the vari-
ances are equal (p>0.05). Therefore, the mean growth rates of two treatment groups over 15 
days were compared using independent T-test.  
-Iodine data  
After dilution calculation adjustments of iodine data, the mean iodate uptake and iodide produc-
tion of two treatment groups (not cell-normalised rates), also the mean iodate uptake and iodide 
production per cell/ per day (cell-normalised rates) were tested for normality using Kolmogorov-
Smirnov test. The means of treatment groups were then compered using either using Mann Whit-
ney U test or using independent T-test.  It is often difficult to use the biomass to normalise rates. 
In this study, cell counts were used to calculate iodate uptake rates and iodide production rates 
“per cell/per day” for both treatment groups. For experiment 3, iodate uptake and iodide pro-
duction rates per cell for both treatment groups were calculated using both middle (day 9) and 
last cell counts (day 15).  However, only the cell-normalised iodate uptake and iodide production 
rates that were calculated from last cell counts were taken into consideration. This was because, 
using last cell counts gave the Chaetoceros cells the longest time to be exposed to the desired 
seawater carbonate conditions.  
-Membrane permability data  
The mean percentage of cells with permeable membrane were tested for normality for both 
treatment groups using Kolmogorov-Smirnov test. One-way/two-way ANOVA were used to un-
derstand if time, treatment conditions and the interaction between the time and the treatment 
conditions had an influence on the mean percentage of cells with permeable membrane for both 
treatment groups. Following this, Posthoc test: Tukey was used when necessary. Pearson Corre-
lation was used to find if there is a correlation between iodate uptake and membrane permeabi-
lity of Chaetoceros sp. CCMP (1690) cultures and also to find if there is a correlation between 
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iodide production and membrane permeability of Chaetoceros sp. CCMP (1690) cultures. To be 
able to do this, the rates of change for iodate uptake and iodide production between individual 
time points were correlated with membrane permeability of that point in time. This was done for 




















Chapter 3: Results  
3.1 Experiment one  
-3.1.1 pH measurements 
The mean pH values of the both treatments changed over time (Figure 5); treatment groups 
started with a clear mean pH difference at day 0 (280ppm Group; 8.26 ±0.015 pH, 1000ppm 
Group; 7.93 ±0.012 pH). However, after day 0 the pH of the treatment groups quickly reached to 
undesired levels. At day 6, 280ppm group had mean pH of 9.59 ±0.006 and 1000ppm group had 
mean pH of 9.58 ±0.006. 
 
Figure 5: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue line) and future (red line) seawater carbonate conditions over 6 days. Error bars represent 





































Over 6 days, the mean pH of Chaetoceros sp. CCMP (1690) cultures grown under 280ppm (9.207± 
0.58) were not significantly different compared to cultures grown under 1000 ppm (9.11 ±0.72) 
conditions (Figure 6; Mann Whitney U test, p>0.05, Z= -0.870). 
       
Figure 6: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 6 days. Error bars represent 























-3.1.2 Dissolved CO2 
Both treatment groups started with a big dissolved CO2 difference. At day 0, 1000 ppm group 
had 33.33 ± 0,05 µmol. Kg -1 dissolved CO2 and 280 ppm group 16 ± 0,05 µmol. Kg -1 (Figure 7). 
After day 0, the dissolved CO2 level of both treatment groups dropped quickly. At day 3, the dis-
solved CO2 level of 1000 ppm group dropped to 6.66 ± 0,06 µmol. Kg -1 and 280 ppm group to 2. 
5 ± 0,04 µmol. Kg -1. After day 3, the dissolved CO2 level of both treatment groups did not 
change much.  
 
Figure 7: The mean dissolved CO2 of Chaetoceros sp. CCMP (1690) cultures grown at pre-indus-
trial (blue line) and future (red line) seawater carbonate conditions over 6 days. Error bars rep-








































Over 6 days, Chaetoceros sp. CCMP (1690) cultures grown at future seawater carbonate condi-
tions had mean dissolved CO2 of 13.65 ±11.87 µmol. Kg -1 and the pre-industrial group had mean 
dissolved CO2 of 6.7 ±5.65 µmol. Kg -1 (Figure 8). The 1000 ppm group had significantly higher 
dissolved CO2 compared to 280 ppm group (Figure 8; Mann Whitney U test, p<0.05, Z= -2.616) 
 
Figure 8:  The mean dissolved CO2 level of Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial (blue bar) and future (red bar) seawater carbonate conditions over 6 days. Error 







































-3.1.3 Total inorganic carbon (TIC) 
Over 6 days, Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial seawater carbonate 
conditions had mean TIC level of 19.97 ±1.24 mg/l whereas cultures grown at future conditions 
had mean TIC level of 21.79 ±1.04 mg/l. Chaetoceros sp. grown at future conditions siginificantly 
higher mean TIC compared to cultures grown at pre-industrial conditions (Figure 9; Mann Whit-
ney U test, p<0.05, Z=-2.806). 
 
Figure 9: The mean TIC level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 6 days. Error bars repre-































-3.1.4 In vivo fluorescence 
The mean In vivo fluorescence levels of Chaetoceros sp. CCMP (1690) cultures grown under 
1000ppm conditions showed slightly higher level compared to cultures grown under 280ppm 
during the whole experiment. At day 3, the 1000 ppm group reached to the mean in vivo fluores-
cence level of 105240.65 ±8,924.87 and 280 ppm to 90641.81 ±17,575.07 (Figure 10). At day 6, 
the 1000 ppm group reached to the mean in vivo fluorescence level of 177517.84 ±53,393.13 and 
280 ppm to 129772.14 ±48,942.90 (Figure 10). 
 
Figure 10: The mean in vivo fluorescence of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 6 days. Error 





































-3.1.5 Growth rates  
Over 6 days, Chaetoceros sp. CCMP (1690) cultures grown at future seawater carbonate condi-
tions had mean growth rate of 0.54 ± 0.05 d-1 and cultures grown at pre-industrial conditions had 
mean growth rate of 0.49 ±0.06 d-1. There was no significant different between the mean growth 
rates of two treatment groups; (Figure 11; Mann Whitney U test, p>0.05, Z=-1.528). 
 
Figure 11: The mean growth rate of Chaetoceros sp. CCMP (1690) cultures grown at pre-indus-
trial (blue bar) and future (red bar) seawater carbonate conditions over 6 days. Error bars 



































3.2 Experiment 2  
-3.2.1 pH measurements  
The mean pH values of the both treatments rose over time (Figure 12). At day 0, 280 ppm group 
started with 8.33 ±0.01 pH and 1000 ppm group with 7.89 ±0.01. In all time points 1000ppm had 
lower pH compared to 280ppm group. At day 14, 1000 ppm group reached to the pH level of 9.54 
±0.04 and 280 ppm group to 9.77 ±0.02. 
 
Figure 12: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue line) and future (red line) seawater carbonate conditions over 14 days. Error bars repre-








































Over 14 days, the mean pH of Chaetoceros sp. CCMP (1690) cultures grown under 1000ppm con-
ditions had significantly lower pH (8.75 ±0.55) compared to cultures grown under 280ppm (9.23 
±0.47) conditions (Figure 13; T-test, p<0.05, t=3.064, df=40) 
 
Figure 13: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error bars repre-


























-3.2.2 Dissolved CO2 
Both treatment groups started with a big dissolved CO2 difference. At day 0, 1000 ppm group 
had 33 ± 0,05 µmol. Kg -1 dissolved CO2 and 280 ppm group 15 ±0,04 µmol. Kg -1 (Figure 14). Af-
ter day 0, the dissolved CO2 level of both treatment groups dropped quickly. At day 4, 1000 
ppm group the dissolved CO2 level of 1000 ppm group dropped to 5 ±0,07 µmol. Kg -1 and 280 
ppm group to 2± 0,06 µmol. Kg -1. After day 4, the dissolved CO2 level of both treatment groups 
did not change much. 
 
Figure 14: The mean dissolved CO2 of Chaetoceros sp. CCMP (1690) cultures grown at pre-in-
dustrial (blue line) and future (red line) seawater carbonate conditions over 14 days. Error bars 








































Over 14 days, Chaetoceros sp. CCMP (1690) cultures grown at future seawater carbonate condi-
tions had mean dissolved CO2 of 8.81 ±10.20 µmol. Kg -1 and the pre-industrial group had mean 
dissolved CO2 of 3.86 ±4.69 µmol. Kg -1 (Figure 15). The 1000 ppm group had significantly higher 
dissolved CO2 compared to 280 ppm group (Figure 15; Mann Whitney U test, p<0.05, Z= -4.091) 
 
Figure 15: The mean dissolved CO2 level of Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial (blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error 
































-3.2.3 Total inorganic carbon (TIC) 
Over 14 days, Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial seawater carbonate 
conditions had mean TIC level of 20.26 ±0.73 mg/l whereas cultures grown at future conditions 
had mean TIC level of 21.06 ±1.08 mg/l. Chaetoceros sp. grown at future conditions significantly 
had a higher mean TIC compared to cultures grown at pre-industrial conditions (Figure 16; Mann 
Whitney U test, p<0.05, Z=-3.072). 
 
Figure 16: The mean TIC level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error bars repre-

























-3.2.4 In vivo fluorescence 
During the first 6 days of the experiment the mean In vivo fluorescence level of both treatment 
groups showed fluctuations (Figure 17). At day 4, Chaetoceros sp. cultures grown under 1000 
ppm conditions had higher mean In vivo fluorescence level (201,998.75 ±21,430.60) compared 
to cultures grown under 1000 ppm conditions (138,740.77 ±8,153.24). In opposite, at day 6, 
Chaetoceros sp. cultures grown under 280 ppm condition had higher mean In vivo fluorescence 
level (237,471.40 ± 56,076.97) compared to cultures grown under 1000 ppm conditions 
(147,055.01 ±19,220.94). Beginning from day 8 and until the end of the experiment, Chaetoceros 
sp. cultures grown under 1000 ppm conditions had higher mean In vivo fluorescence level com-
pared to cultures grown under 280 ppm. At day 14, 1000 ppm group reached to the mean in vivo 
fluorescence of 568,810.39 ±79,994.01 and 280ppm to 277,817.64 ±92,252.13. 
 
Figure 17: The mean in vivo fluorescence of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 14 days. Er-






































-3.2.5 Growth rates  
Over 14 days, Chaetoceros sp. cultures grown at 1000 ppm conditions had mean growth rate of 
0.32 ±0.01 and 280 ppm group 0.27 ±0.02. The 1000ppm group had significantly higher mean 
growth rate compared to 280ppm group (Figure 18; T-test, p<0.05, t=-3.693, df=4).  
 
Figure 18: The mean growth rate of Chaetoceros sp. CCMP (1690) cultures grown at pre-indus-
trial (blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error bars 
































-3.2.6 Cell counts  
The mean cell density of both treatment groups showed similar increase until day 6. After day 
6, in all time points the mean cell density of 1000ppm group presented higher cell density com-
pared to 280ppm group. At day 12, 1000ppm group reached to the mean cell density level of 
1906224 ±280900.2 and 280ppm group 1290634 ±157422.2 (Figure 19).   
 
Figure 19: The mean cell density (cells/ml) of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 12 days. 
































-3.2.7 Iodate concentration overtime 
At day 0, both treatment groups started with similar iodate concentrations (~500nM). Until day 
6, both treatment groups show similar decline in iodate concentration (Figure 20). After day 6, 
1000ppm group showed more decline in the iodate concentration compared to 280ppm group.  
At day 12, 1000ppm group had iodate concentration of 458 ±1 nM. whereas 280ppm group had 
iodate concentration of 466.67 ±4.93 nM. Again, at day 14, the 1000ppm group had lower iodate 
concentration (456 ±2 nM) compared to 280ppm group (465.33 ±3.06 nM). 
 
Figure 20: The mean iodate concentration of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 14 days. 




























-3.2.8 Iodate uptake (not cell-normalised rates)  
Over 12 days, Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial seawater carbonate 
conditions had mean rate of iodate uptake 2.89 ±1.07 nM/day, whereas Chaetoceros sp. cultures 
grown at 1000 ppm conditions had mean rate of iodate uptake 3.64 ±1.02 nM/day. There was no 
significant different between the mean iodate uptake of two treatment groups (Figure 21; Mann 
Whitney U test, p>0.05, Z=-0.971). 
 
Figure 21: The mean rate of iodate uptake (nM) of Chaetoceros sp. CCMP (1690) cultures per 
day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions 



























































-3.2.9 Iodate uptake per cell (using last cell counts) 
Over 12 days (using cell counts at day 12), Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial seawater carbonate conditions had mean rate of iodate uptake had mean rate of iodate 
uptake 2.23 ± 0.83(aM/cell/day), whereas cultures grown at 1000 ppm conditions had mean rate 
of iodate uptake 1.91 ±0.65 (aM/cell/day). There was no significant different between the mean 
iodate uptake per cell/per day of two treatment groups (Figure 22; Mann Whitney U test, p>0.05, 
Z=-0.971). 
 
Figure 22: The mean rate of iodate uptake (amol) of Chaetoceros sp. CCMP (1690) cultures per 
cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate condi-






















































-3.3 Iodate uptake per cell (using middle cell counts) 
Over 12 days (using cell counts at day 6), Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial seawater carbonate conditions had mean rate of iodate uptake 3.69 ±1.37 
(aM/cell/day), whereas cultures grown at 1000 ppm conditions had mean rate of iodate uptake 
4.58 ±1.28 (aM/cell/day). There was no significant different between the mean iodate uptake per 
cell/per day of two treatment groups (Figure 23; Mann Whitney U test, p>0.05, Z=-0.324). 
 
Figure 23: The mean rate of iodate uptake (amol) of Chaetoceros sp. CCMP (1690) cultures per 
cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate condi-























































3.3.1 Iodide concentration overtime 
At day 0 both treatment groups started with similar iodide concentrations (280ppm; 6.59 
±4.33nm and 1000ppm; 7.68 ±3.70nM). Until day 6, both treatment groups show similar increase 
in iodide concentration. After day 6, 1000ppm group showed more increase in iodide compared 
to 280ppm group. At day 12, 1000ppm group had iodide concentration of 32 ±2nM whereas 
280ppm group had iodide concentration of 27.68 ±1.52nM. Again, at day 14, the 1000ppm group 
had higher iodide concentration (33.3 ±1.53nM) compared to 280ppm group (28 ±2.65nM). 
Figure 24: The mean iodide concentration of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 14 days.  



























-3.3.2 Iodide production (not cell-normalised rates) 
Over 12 days, Chaetoceros sp. CCMP (1690) cultures grown at 1000ppm conditions had mean 
rate of iodide production 2.03 ±0.15 nM/day, whereas Chaetoceros sp. cultures grown at 280ppm 
conditions had mean rate of iodide production 1.76 ±0.29 nM/day. The 1000ppm group had sig-
nificantly higher mean rate iodide production compared to 280ppm group (Figure 25; Mann 
Whitney U test, p<0.05, Z=-1.971). 
 
Figure 25: The mean rate of iodide production (nM) of Chaetoceros sp. CCMP (1690) cultures 
per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions 























































3.3.3 Iodide production per cell (using last cell counts) 
Over 12 days (using cell counts at day 12), Chaetoceros sp. CCMP (1690) cultures grown at 
1000ppm conditions had mean rate of iodide production 1.06 ±0.08 (aM/cell/day), whereas 
Chaetoceros sp. cultures grown at 280ppm conditions had mean rate of iodide production 1.36 
±0.22 (aM/cell/day). The 280ppm group had significantly higher mean rate of iodide production 
compared to 1000ppm group (Figure 26; Mann Whitney U test, p<0.05, Z=-2.266). 
 
Figure 26: The mean rate of iodide production (amol) of Chaetoceros sp. CCMP (1690) cultures 
per cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate 



























































3.3.4 Iodide production per cell (using middle cell counts) 
Over 12 days (using cell counts at day 6), Chaetoceros sp. CCMP (1690) cultures grown at 
1000ppm conditions had mean rate of iodide production 2.55 ±0.19 (aM/cell/day), whereas 
Chaetoceros sp. cultures grown at 280ppm conditions had mean rate of iodide production 2.24 
±0.37 (aM/cell/day). There was no significant different between the mean rate of iodide produc-
tion per cell/per day of two treatment groups (Figure 27; Mann Whitney U test, p>0.05, Z=-
1.618). 
 
Figure 27: The mean rate of iodide production (amol) of Chaetoceros sp. CCMP (1690) cultures 
per cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate 























































3.3.5 Membrane permeability  
Time had an influence on the percentage of cells with permeable membrane for both treatment 
groups (Figure 28; one-way ANOVA, 280ppm; df: 4, F:56.203, p <0.05, 1000ppm; df:4, F: 126.996, 
p <0.05). However, “treatment conditions” did not have an effect on the percentage of cell with 
permeable membrane (two-way ANOVA; df: 1, F:0.212, p>0.05). Whereas the the interaction 
between the time and the treatment conditions had an influenced on the percentage of cells 
with permeable membrane (two-way ANOVA, df: 4, F:12.392, p<0.05). This explains the higher 
percentage of cells with permeable membrane of 280ppm group at day 6 (13.03 ±1.55%) com-
pared to 1000ppm group (7.96% ±1.81%; T-test, p<0.05, t=5.116, df=11) but no difference in 
other time points (Figure 28). The mean percentage of cells with permeable membrane for stock 
culture was 5.52 ±0.98%. At day 0, both treatment groups started with a similar percentage for 
cells with permeable membrane (Figure 28; 280ppm; 5.68 ±0.99% and 1000ppm; 5.03 ±0.73%). 
From day 0 to day 12, 280ppm group showed an increase in percentage of cell with permeable 
membrane from day 2 to day 6 (Post-Hoc test; p<0.05) and from day 6 to day 9 (Post-Hoc test; 
p<0.05). Whereas 1000ppm group only showed an increase in percentage of cell with permeable 
membrane from day 6 to day 9 (Post-Hoc test; p<0.05). 
Figure 28: The mean percentage of Chaetoceros sp. CCMP (1690) cells with permeable  
membrane grown at pre-industrial (blue bar) and future (red bar) seawater carbonate  




































   
   
   
   







3.3.6 Iodine biogeochemistry process and its correlation with membrane perme-
ability  
There was no correlation between the rate of iodate uptake (nM/day) and membrane permea-
bility (Figure 29; r; 0.065, p>0.05).  
 
Figure 29: The correlation between the rate of iodate updake per day and increase in 
 membrane permeablity.  
The correlation between iodide production and membrane permeability was also not significant 
(Figure 30; r; -0.34, p>0.05). 
 
Figure 30: The correlation between the rate of iodide production per day and increase in 
 membrane permeablity.  
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3.4  Experiment 3 
3.4.1 pH measurements 
The mean pH values of the both treatments rose slightly over time (Figure 31). At day 0, 280 ppm 
group started with 8.31 ±0.02 pH and 1000 ppm group with 7.84 ±0.01. In all time points 
1000ppm had lower pH compared to 280ppm group. At day 14, 1000 ppm group reached to the 
pH level of 7.92 ±0.02 and 280 ppm group to 8.48 ±0.05. 
 
Figure 31: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue line) and future (red line) seawater carbonate conditions over 14 days. Error bars repre-




















Over 14 days, the mean pH of Chaetoceros sp. CCMP (1690) cultures grown under 1000ppm con-
ditions had significantly lower pH (7.94 ±0.06) compared to cultures grown under 280ppm (8.44 
±0.07) conditions (Figure 32; Mann Whitney U test, p<0.05, Z= -5.943) 
 
Figure 32: The mean pH level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error bars repre-























-3.4.2 Dissolved CO2 
Both treatment groups started with a big dissolved CO2 difference. At day 0, 1000 ppm group 
had 30 ±0.03 µmol. Kg -1 dissolved CO2 and 280 ppm group 15 ±0.06 µmol. Kg -1 (Figure 33). Af-
ter day 0, the dissolved CO2 level of both treatment groups dropped quickly. At day 8, 1000 
ppm group the dissolved CO2 level of 1000 ppm group dropped to 8 ± 0.0.3µmol. Kg -1 and 280 
ppm group to 4 ±0.02 µmol. Kg -1. After day 8, the dissolved CO2 level of both treatment groups 
did not change much. 
 
Figure 33: The mean dissolved CO2 of Chaetoceros sp. CCMP (1690) cultures grown at pre-in-
dustrial (blue line) and future (red line) seawater carbonate conditions over 14 days. Error bars 






























Over 14 days, Chaetoceros sp. CCMP (1690) cultures grown at future seawater carbonate condi-
tions had mean dissolved CO2 of 13.625 ±8.39 µmol. Kg -1 and the pre-industrial group had mean 
dissolved CO2 of 6.375 ± 3.89 µmol. Kg -1 (Figure 34). The 1000 ppm group had significantly higher 
dissolved CO2 compared to 280 ppm group (Figure 34; Mann Whitney U test, p<0.05, Z= -4.091) 
 
Figure 34: The mean dissolved CO2 level of Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial (blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error 































-3.4.3 Total inorganic carbon (TIC) 
Over 14 days, Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial seawater carbonate 
conditions had mean TIC level of 20.3 ± 0.70 mg/l whereas cultures grown at future conditions 
had mean TIC level of 21.01 ±1.06 mg/l. Chaetoceros sp. grown at future conditions siginificantly 
higher mean TIC compared to cultures grown at pre-industrial conditions (Figure 35; Mann Whit-
ney U test, p<0.05, Z=-3.364). 
 
Figure 35: The mean TIC level of Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial 
(blue bar) and future (red bar) seawater carbonate conditions over 14 days. Error bars repre-

























-3.4.4 In vivo fluorescence 
During the first 6 days of the experiment the mean In vivo fluorescence level of both treatment 
groups showed similar in vivo fluorescence levels (Figure 36). At day 6, Chaetoceros sp. cultures 
grown under 1000 ppm conditions had mean in vivo fluorescence level of 593,345.42 ±120423.62 
and 280ppm group 487,098.06 ±43955.56. After day 6, the mean in vivo fluoresence levels of 
1000ppm group were higher in all time points compared to 280ppm group.  
 
Figure 36:  The mean in vivo fluorescence of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 15 days. 





























-3.4.5 Growth rates 
Over 15 days, Chaetoceros sp. cultures grown at 1000 ppm conditions had mean growth rate of 
0.39 ±0.016 and 280 ppm group 0.35 ±0.007. The 1000ppm group had significantly higher mean 
growth rate compared to 280ppm group (Figure 37; T-test, p<0.05, t=-3.321, df=4).  
 
Figure 37: The mean growth rate of Chaetoceros sp. CCMP (1690) cultures grown at pre-indus-
trial (blue bar) and future (red bar) seawater carbonate conditions over 15 days. Error bars 




































3.4.6 Cell counts 
The mean cell density of both treatment groups showed similar increase until day 3. After day 3, 
in all time points the mean cell density of 1000ppm group presented higher cell density compared 
to 280ppm group. At day 15, 1000ppm group reached to the mean cell density level of 3384767± 
275432.8 and 280ppm group 2225982 ± 248494.2 (Figure 38).  
 
Figure 38: The mean cell density (cells/ml) of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue line) and future (red line) seawater carbonate conditions over 15 days. 



































3.4.7 Iodate concentration overtime  
At day 0 both treatment groups started with similar iodate concentrations (~500nM). Beginning 
from day 6, 1000ppm group presented lower iodate concentration compared to 280ppm group 
(Figure 39). At day 15, 1000ppm group had iodate concentration of 445.95 ±1.55nM and 280ppm 
group 456.66 ±1.54nM. 
 
Figure 39: The mean iodate concentration of of Chaetoceros sp. CCMP (1690) cultures grown 
at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions over 15 days. 


































3.4.8 Iodate uptake (not cell-normalised rates) 
Over 15 days, Chaetoceros sp. CCMP (1690) cultures grown at pre-industrial seawater carbonate 
conditions had mean rate of iodate uptake 2.98 ±0.45 nM/day, whereas Chaetoceros sp. cultures 
grown at 1000 ppm conditions had mean rate of iodate uptake 3.49 ±0.53 nM/day. There was no 
significant different between the mean rate of iodate uptake of two treatment groups (Figure 40; 
Independent T-test, p>0.05, t=-2.024, df=10). 
 
Figure 40: The mean rate of iodate uptake (nM) of Chaetoceros sp. CCMP (1690) cultures 
grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions over 15 
























































3.4.9 Iodate uptake per cell (using last cell counts) 
Over 15 days (using cell counts at day 15), Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial seawater carbonate conditions had mean rate of iodate uptake had mean rate of iodate 
uptake 1.33 ±0.2 (aM/cell/ day), whereas cultures grown at 1000 ppm conditions had mean rate 
of iodate uptake 1.03 ± 0.16 (aM/cell/ day). The 280ppm group had significantly higher rate of 
iodate uptake per cell/per day compared to 1000ppm group (Figure 41; Independent T-test, 
p<0.05, t=3.255, df=10).  
 
Figure 41: The mean iodate uptake (amol) of Chaetoceros sp. CCMP (1690) cultures per cell per 
day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions over 























































3.5 Iodate uptake (using cell middle counts) 
Over 15 days (using cell counts at day 9), Chaetoceros sp. CCMP (1690) cultures grown at pre-
industrial seawater carbonate conditions had mean rate of iodate uptake had mean rate of iodate 
uptake 1.67 ±0.25 (aM/ cell/ day), whereas cultures grown at 1000 ppm conditions had mean 
rate of iodate uptake 1.60 ±0.25 (aM/cell/ day). There was no significant different between the 
mean rate of iodate uptake of two treatment groups (Figure 42; Independent T-test, p>0.05,  
t=-1.386, df=10). 
 
Figure 42: The mean iodate uptake (amol) of Chaetoceros sp. CCMP (1690) cultures per cell per 
day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions over 


















































3.5.1 Iodide concentration overtime 
At day 0 both treatment groups started with similar iodide concentrations (280ppm; 6.60 
±3.33nM and 1000ppm; 7.68 ± 3.13nM). Beginning from day 6, in all time points 1000ppm group 
showed higer iodide concentration compared to 280ppm group. At day 15, 1000ppm group had 
iodide concentration of 30.82 ±0.21nM and 280ppm group 27.91 ±0.21 nM (Figure 43).  
 
Figure 43: The mean iodide concentration of of Chaetoceros sp. CCMP (1690) cultures grown at 
pre-industrial (blue bar) and future (red bar) seawater carbonate conditions over 15 days. Error 





































3.5.2 Iodide production (not cell normalised rates) 
Over 15 days, Chaetoceros sp. CCMP (1690) cultures grown at 1000ppm conditions had mean 
rate of iodide production 1.54 ±0.20 nM/day, whereas Chaetoceros sp. cultures grown at 280ppm 
conditions had mean rate of iodide production 1.42 ±0.21 nM/day. There was no significant dif-
ferent between the mean rate of iodide production of two treatment groups (Figure 44; 
 Independent T-test, p>0.05, t=-1.164, df=10). 
 
Figure 44: The mean rate of iodide production (nM) of Chaetoceros sp. CCMP (1690) cultures 
per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate conditions 




























































3.5.3 Iodide production per cell (using last cell counts) 
Over 15 days (using cell counts at day 15), Chaetoceros sp. CCMP (1690) cultures grown at 
1000ppm conditions had mean rate of iodide production 0.46 ± 0.059 (aM/ cell/ day), whereas 
Chaetoceros sp. cultures grown at 280ppm conditions had mean rate of iodide production 0.64 
± 0.095 (aM/cell/ day). The 280ppm group had significantly higher mean rate of iodide produc-
tion compared to 1000ppm group Figure 45; Independent T-test, p<0.05, t=4.475, df=10). 
 
Figure 45: The mean rate of iodide production (amol) of Chaetoceros sp. CCMP (1690) cultures 
per cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate 


























































3.5.4 Iodide production per cell (using middle cell counts) 
Over 15 days, (using cell counts at day 9), Chaetoceros sp. CCMP (1690) cultures grown at 
1000ppm conditions had mean rate of iodide production 0.71 ±0.091 (aM/cell/ day), whereas 
Chaetoceros sp. cultures grown at 280ppm conditions had mean rate of iodide production 0.80 
±0.12 (aM/cell/ day). There was no significant different between the mean rate of iodide produc-
tion of two treatment groups (Figure 46; Independent T-test, p>0.05, t=1.645, df=10). 
 
Figure 46: The mean rate of iodide production (amol) of Chaetoceros sp. CCMP (1690) cultures 
per cell per day grown at pre-industrial (blue bar) and future (red bar) seawater carbonate 




























































3.5.5 Membrane permeability  
Time had an influenced on the percentage of cells with permeable membrane for both treatment 
groups (one-way ANOVA, 280ppm; df: 4, F: 33.591, p <0.05, 1000ppm; df:4, F: 15.198, p <0.05). 
However, “treatment conditions” and “the interaction between the time and the treatment con-
ditions” did not have an effect on the percentage of cell with permeable membrane (two-way 
ANOVA, treatment conditions; df: 1, F:0.095, p>0.05, the interaction between the time and the 
treatment conditions; df:4, F:1.069, p>0.05). Therefore, the was no difference between the 
mean percentage of cells with permeable membrane of two treatment groups at any day. The 
mean percentage of cells with permeable membrane for stock culture was 22.79 ±1.23%. At day 
0, both treatment groups started with a similar percentage for cells with permeable membrane 
(Figure 47; 280ppm; 23.03 ±1.28% and 1000ppm; 25.13 ±2.13%). From day 0 to day 15, both 
treatment groups only showed an increase in percentage of cell with permeable membrane from 
day 3 to day 9 (Post-Hoc test, 280ppm; p<0.05, 1000ppm; p<0.05).  
 
Figure 47: The mean percentage of Chaetoceros sp. CCMP (1690) cells with permeable  
membrane grown at pre-industrial (blue bar) and future (red bar) seawater carbonate condi-














































3.5.6 Iodine biogeochemistry process and its correlation with membrane perme-
ability 
The was no correlation between the rate of iodate uptake (nM/day) and membrane permeabil-
ity (Figure 48; r; 0.476, p>0.05).  
 
Figure 48: The correlation between the rate of iodate updake per day and increase in  
membrane permeablity.  
There was a positive correlation between the rate of iodide production (nM/day) and  
membrane permeability (Figure 49; r; 0.945, p<0.05) 
 
Figure 49: The correlation between the rate of iodide production per day and increase in  
membrane permeablity.  
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Chapter 4: Discussion      
Oceanic uptake of increasing anthropogenic carbon dioxide decreases the pH and increases the 
amount of TIC in seawater. The aim of this study was to understand the impact of predicted 
future ocean acidification on the growth, iodine biogeochemistry process and membrane perme-
ability of diatom Chaetoceros sp. CCMP (1690) compared to the cultures grown under pre-indus-
trial seawater carbonate conditions.  This discussion will focus on experiments 2 and 3. This is 
because the treatment groups (280ppm group and 1000ppm group) in these experiments had 
seawater carbonate parameters which were closest to what would be expected for pre-industrial 
and 2100 conditions. The best seawater carbonate conditions of treatment groups were achieved 
in experiment 3 followed by experiment 2.  
-4.1 Response of growth rates in the diatom Chaetoceros sp. CCMP (1690) to 
ocean acidification 
In this study, Chaetoceros sp. CCMP (1690) showed increased growth rate response under 
1000ppm compared to cultures that were under 280 pppm CO2. Reject Ho a: The mean growth 
rates of Chaetoceros sp. cultures grown at pre-industrial and future ocean conditions have no 
difference. Except experiment one (no significant difference in growth rates between treatment 
groups), both in experiment two and three the 1000ppm group siginificantly had higher growth 
rates compared to 280ppm group (see Table 7). The observed result of “no difference in growth 
rate between treatment groups” in experiment one is likely because the carbonate parameters 
were not in line with what would have been expected for treatment groups. This might have 
resulted in no difference in growth rates between treatment groups.  Whereas in experiment 
2 and 3, treatment groups had carbonate parameters which were closest to what would be 
expected and resulted in enhacement of growth for 1000ppm group compared to 280ppm group. 
In this study, the increased growth rate response of Chaetoceros sp. CCMP (1690) under 
1000ppm CO2 compared to 280ppm contradicts with most of the studies in the litereature con-
ducted on other Chaetoceros species. 
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Table 7: The mean growth rates of treatment groups in experiment one, two and three and the 
results of statistical analysis for growth rates  
Experiments and treatment groups   The mean growth rates  Statistical analysis results   
Experiment one (280 ppm) 0.49 ±0.06 d-1 No difference in growth rates  
Experiment one (1000ppm)  0.54 ±0.05 d-1 
Experiment two (280 ppm) 0.27 ±0.02d-1 Difference in growth rates  
Experiment two (1000ppm)  0.32 ±0.01d-1 
Experiment three  (280ppm) 0.35 ±0.007d-1 Difference in growth rates  
Experiment three(1000ppm) 0.39 ±0.016d-1 
Under future seawater carbonate conditions, the reported responses so far are no change or 
reduction in the growth rate of Chaetoceros species. A study conducted on Chaetoceros gracilis, 
showed lowest cell numbers at high CO2 levels (550, 750 and 1050ppm) compared to cultures 
grown at low CO2 levels (285 and 385 ppm; Khairy et al., 2014). Whereas in this study highest 
growth rates were observed when Chaetoceros cultures were exposed to high CO2 (1000ppm) 
and lower growth rates were observed when Chaetoceros cultures were under 280ppm CO2. In 
another study, at 22°C, low-light treated (30 µmol m-2 s-1) Chaetoceros muelleri cultures also 
showed lowest growth rates at elevated CO2 level (72 µM) compared to cultures grown under 
low CO2 (11 µM). Whereas no effect of CO2 was recorded under high light exposure (300 µmol 
m-2 s-1; Ihnken et al., 2011). In this project, when Chaetoceros sp. CCMP (1690) cultures were 
exposed to high CO2 (1000 ppm) at 25°C under light exposure 100 µmol m-2 s-1, it showed increase 
in growth rates compared to cultures that were exposed to lower CO2 (280 ppm). This suggests 
that there can be species specific variations in the CCMs of Chaetoceros species which effects 
how they respond to elevated CO2 levels. In addition to this, light intensity might be another 
factor for warm-water Chaetoceros species in terms of how they respond to elevated CO2 levels. 
It is also important to note that there can be methodological differences between these studies 
which might have resulted in difference in growth rates response of Chaetoceros species com-
pared to this project. Although none of these studies mentioned above showed increase in 
growth rates of Chaetoceros species under elevated CO2, there are other studies that are 
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coherent with this project showing increased growth rate reponse of Chaetoceros species to oc-
ean acidification. 
In a study conducted by Hung et al. (2014), diatoms Chaetoceros debilis and Chaetoceros didymus 
showed increased in growth rates under 1000ppm CO2 when combined with high temperature 
(25 °C) compared to cultures that under 400ppm CO2 combined with high temperaure (25 °C). 
When this experiment was repeated at 20°C there was no difference in growth rates between 
cultures that were under 400ppm CO2 compared to 1000ppm CO2. In this Project Chaetoceros sp. 
CCMP (1690) that were under 1000ppm CO2 showed increase in growth rates compered to cul-
tures that were under 280ppm CO2. The cultures were grown at 25°C. Known temperature range 
to grow this warm-water diatom is between 22 - 26°C (NCMAM, 2002). This suggests that apart 
from the species difference and the level of light intensity, temperature might also be playing a 
role in the CCMs of Chaetoceros species in terms of how they respond to elevated CO2 levels.  In 
studies done by Hoogstraten et al., (2012) and Wu et al., (2010), diatoms that showed increased 
in growth under elevated CO2, showed decreased affinity for CO2/ HCO3- and down regulation of 
carbon concentrating mechanisms. They suggested that the energy saving from these changes 
resulted in increase growth response of these diatoms. However, it is important to note that 
although downregulation of CCMs at elevated CO2 has been observed, the significance of this 
downregulation to overall cell physiology and growth is not currently well constrained due to the 
presence of other limiting factors such as temperature, nutrients and light (Young and Morel, 
2015).  This can partly explain the very diverse findings that have been documented on the effect 








-4.2 Effect of ocean acidification on cell-normalised iodate uptake and iodide 
production in the diatom Chaetoceros sp. CCMP (1690)  
Overall the results showed the impact of acidification has an inhibiting effect on cell-normalised 
mean iodate uptake and iodide production in the diatom Chaetoceros sp. CCMP (1690). Only in 
experiment two, the cell-normalised mean iodate uptake of 280ppm group was not significantly 
higher compared to 1000ppm (Figure 22). However, in experiment three, the cell-normalised 
mean iodate uptake of 280ppm group was significantly higher compared to 1000ppm (Figure 41). 
As the seawater carbonate parameters closest to the desired pre-industrial and predicted future 
seawater conditions were achieved in experiment three, Ho b was rejected. Whereas for the cell-
normalised mean iodide production 280ppm group significantly had higher values compared 
1000ppm in both experiment 2 and 3 (Figure 26 and Figure 45; Ho C was rejected). The inhibiting 
effect of OA on other biogeochemical processes run by marine phytoplankton were reported. In 
a study done by Hussherr et al., (2017) showed that OA (decreasing pH from 8.1 to 7.2) could 
negatively impact the net production of algal biomass (dominated by the centric diatoms Chae-
toceros spp) as well as DMS concentrations (DMS concentrations reached 155 nmol L−1 and 19 
nmol L−1, respectively) in Baffin Bay waters both under-ice (low light; Low PAR and no UVB) and 
ice-free (high light; High PAR + UVA + UVB) conditions. Altered seawater carbonate chemistry 
could perturb the energy requirements of diatom cells, leading to changes in respiration, cell 
surface, and intracellular pH stability (Gao and Campbell, 2014). Such energy reallocation could 
force diatoms to assign more energy to repair mechanisms and ion transport to remedy the acid-
base perturbation, thus impairing their biogeochemical processes (Gao and Campbell, 2014).  
This is the first laboratory study that was conducted about the impacts of OA on iodate uptake 
and iodide production of a marine phytoplankton. To be able to make comparison for the values 
observed in this study, other studies that reported cell-normalised iodate uptake and iodide pro-
duction were used. The highest cell-normalised mean iodate uptake and iodide production rates 
observed in this study were 2.23 ±0.83 amol/cell/day and 1.36 ±0.22 amol/cell/day respectively. 
Most of the studies in the literature reported higher cell-normalised mean iodate uptake and 
iodide production compared to this study (Table 8). In a study conducted by Hepach et al. (2020), 
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Chaetoceros sp. (CCMP 1690) showed higher iodate uptake and iodide production (10.8 ± 1.4 
amol/cell/day and 7.9 ± 0.9 amol/cell/day respectively) compared to this study. Whereas Chance 
et al. (2007), observed similar iodate uptake and iodide production (2.18 amol/cell/day and 1.65 
amol/cell/day respectively) for Thlassiosira pseudonana (CCMP 1335) compared to this study. It 
is important to remember that the studies mentioned above and below were conducted without 
any perturbation of seawater carbonate parameters and were exposed to different iodate levels 
compared to this study.  Moreover, their experiments lasted between 52 to 65 days (Hepach et 
al., 2020); (Chance et al., 2007); (Bluhm et al., 2010) and (Van Bergeijk et al., 2016). In this study, 
Chaetoceros sp. CCMP (1690) cultures were exposed to ~500nM iodate, one treatment group 
was under pre-industrial and the other group was under expected seawater carbonated param-
eters in 2100. The experiments in this study lasted a maximum of 15 days. Further research is 
necessary to understand more about the impacts of OA on iodine biogeochemisty process run by 
marine phytoplankton.  
Table 8: Cell-normalised rate of iodate uptake and iodide production in a range of marine phy-
toplankton species investigated in previous studies 
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(2007) 
Thlassiosira pseudo-
nana (CCMP 1335) 




5000 - 493 ± 182, 
643 ± 179 
Bluhm et al. 
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5000 - 500 ± 207, 
853 ± 124 




5000 - 11 ± 2,  
9 ± 5 




2.5 x 106 91 195.1 van Bergeijk et 
al. (2016) 
-4.3 Effect of ocean acidification on membrane permeability in the diatom  
Chaetoceros sp. CCMP (1690)  
Overall in both experiments, there was a no difference between the percentage of cells with 
permeable membrane of both treatment groups (Figure 28 and Figure 47). The only difference 
was observed at day 6 of experiment 2, 280ppm group showed higher percentage of cells with 
permeable membrane compared to 1000ppm (Figure 28). Therefore, OA does not seem to have 
an effect on the membrane permeability of Chaetoceros sp. CCMP (1690) cells. Accept Ho D: The 
membrane permeability of Chaetoceros sp. cultures grown at pre-industrial and future ocean 
conditions have no difference. In contrast to our results, Sobrino et al. (2008) reported that dia-
tom Thalassiosira pseudonana (CCMP 1335) showed increase in membrane permeability under 
1000ppm CO2 conditions compared to cultures grown under 380 ppm CO2 conditions. In this 
study, cultures that were under 1000ppm CO2 showed higher membrane permeability from day 
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0 to day 3 (between 5 and 7.5 DIBAC4 fluorescence cell-1) compared to the ones that were under 
380ppm CO2 (0 DIBAC4 fluorescence cell-1). From day 4 to day 9, the difference in membrane 
permeability between the two treatment groups were no longer much different (1000ppm 
group: ~1.5 DIBAC4 fluorescence cell-1 and 380ppm group: 0 DIBAC4 fluorescence cell-1). The dif-
fence in membrane permeability response observed between Sobrino et al. (2008) and this pro-
ject might purely because of species difference used in these studies. Methodological differences 
in acidification methods between these studies might be another factor for the membrane re-
sponse difference in these studies. In Sobrino et al. (2008) study, Thalassiosira pseudonana 
(CCMP 1335) cultures were continuously aerated with desired CO2 levels (24 hours a day), whe-
reas in this study, Chaetoceros sp. CCMP (1690) cultures were aerated with desired CO2 levels 
maximum of 6 hours a day. The studies about the impacts of ocean acidifcation on the membrane 
permeability of marine phytoplankton are very limited and further research is necessary.  
-4.4 Membrane permeability (MP) of diatom Chaetoceros sp. CCMP (1690) cells 
and its relation with iodate uptake and iodide production  
According to the results of this study, there was a no direct relation of the rate iodate uptake and 
iodide production of Chaetoceros sp. cultures with its change in membrane permeability. Only in 
experiment three, there was a positive correlation between MP and the rate of iodide production 
(Figure 49). However, the observed positive correlation in experiment three between MP and the 
rate of iodide production was not significant in experiment 2 (Figure 30). Moreover, in none of 
the experiments there was a positive correlation between the rate of iodate uptake and MP (Fig-
ure 29 and 48). Therefore, accept HoE: There is no correlation between the change in membrane 
permeability of Chaetoceros sp. cells and iodate to iodide conversion process. This is the first 
study that measured the membrane permebility of a plankton cells and did measurements for 
iodate uptake and iodide production at the same time. The results of this study can not be directly 
compared with the results of Bluhm et al., (2010) and Wong et al. (2002). In these studies, they 
assume that the membrane permeability of phytoplankton cells increases directly with the pro-
gression of growth phase. However, it can be observed from the membrane permeability studies 
that some phytoplankton cells do show increase in membrane permeability with the progression 
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of growth phase, and some do not at all. In a study conducted by Franklin et al. (2012), without 
an environmental stressor, between day 0 to day 15 of growth, T. pseudonana (CCMP 1335) did 
not show an increase in membrane permeability but showed increase in membrane permeability 
between day 15 to day 25 of growth. In contrast, E. huxleyi (CCMP 1516) did not show significant 
change in membrane permeability between day 0 to day 30 (Franklin et al., 2012). In our study, 
it can be observed that the percentage of cells with permeable membrane did show an increase 
between day 0 and day 9 but did not show an increase between day 9 and day 15. This indicates 
that there can be species specific variations about how membrane permeability changes during 
the different growth phases. Therefore, by only looking at iodate uptake and iodide production 
and linking this with growth phase and then making assumptions about the membrane permea-
bility might not be the right approach to understand if membrane permeability plays a role in 
iodate uptake and iodide production. It is also important to note the inorganic iodine speciation 
changes in this study can not be compared with the results of (Bluhm et al., 2010) and (Wong 
et al., 2002) by looking at growth phases as well. (Bluhm et al., 2010) and (Wong et al., 2002) 
conducted their experiments for 30 to 55 days which includes all growth phases (exponential, 
stationary and senescent). Whereas in this study, experiments lasted a maximum of 15 days 
which only covers the exponential growth phase of Chaetoceros sp. CCMP (1690) cells.  
4.5 Wider implications of the study 
In 2100 seawater carbonate conditions could enhance the growth of Chaetoceros sp. CCMP 
(1690) cells. This enhancement in growth could reduce the CO2 gas pressure at the ocean surface. 
During photosynthesis phytoplankton takes up CO2 (aq) and some other forms of dissolved inor-
ganic carbon (DIC) such as bicarbonate HCO3- (aq; Cassar et al., 2004). When large diatoms like 
Chaetoceros species die, the absorbed CO2 or other forms of DIC in them sinks into the deeper 
waters (Barker et al., 2003). Otherwise if they are grazed, the stored carbon in them becomes 
biomass in other organisms such as mesozooplankton. Therefore, increase in phytoplankton 
growth encourages more CO2 to get into the ocean surface from the atmosphere and be trans-




Under 2100 seawater carbonate conditions, per cell iodate uptake and iodide production by 
Chaetoceros sp. CCMP (1690) cells could reduce. Any alteration in the transformation of iodate 
to ioide by marine phytoplankton at the ocean surface could change the amount of iodine emis-
sion from the ocean. This can impact the formation of cloud condestation nuclei and clouds in 
the atmosphere. Consequently, this could have an impact on Earth’s climate by influencing radi-
ative forcing in the atmosphere. In addition to this, decreased concentration of iodide at the 
ocean surface could result an increase in the concentration of tropospheric ozone. Dry deposition 
of ozone to the ocean surface represents approximately one third of the 600-1000 Tg deposited 
annually, and is strongly dependent on halogen chemistry more specifically reactions between 
volatile iodinated compounds and O3 are estimated to account for 30% of total ozone deposition 
to the sea surface (Oh et al., 2008). This equivalent to an average annual cooling of 0.1 W m-2, or 
30% of the warming effect of tropospheric ozone (Oh et al., 2008). Therefore, changes in the 
concentration of iodide at the ocean surface could influence the concentration of trophosheric 
ozone and this can influence Earth’s climate.  
4.6 Future priorities 
Currently, our knowledge on the sensitivity of Chaetoceros cultures to ocean acidification is based 
on very few studies (and strains). Both the results from other studies and the results from this 
study indicates that temperature and/or light intensity might be playing an important factor in 
terms of how Chaetoceros cultures responds to changes in seawater carbonate parameters. 
Therefore, repeating this experiment at 20 °C and 25 °C with different light availability (30 µmol 
m-2 s-1 and 300 µmol m-2 s-1) might be a good idea. This is the temperature range to grow this 
culture suggested by National Center for Marine Algae and Microbiota (NCMAM, 2002). Moreo-
ver, this is also the temperature and light instensity range that different growth rate response to 
ocean acidification was observed according to our study and the other studies in the literature. 
Our study only focussed on the impacts of projected future changes in seawater carbonate chem-
istry on one strain of Chaetoceros sp group. Each strain of Chaetoceros sp can be affected by the 
future changes in seawater chemistry differently as they are genetically and physiologically dis-
tinct (Li et al., 2017).  To be able to understand consequences of ocean acidification on the global 
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Chaetoceros community, and possible impacts of changes in Chaetoceros community on the bio-
logical carbon pump of the oceans and iodate to iodide transformation, investigations need to 
be developed by using different strains of Chaetoceros sp cultures. The growth and biogeochem-
ical responses of plankton cells to ocean acidification might be different with the combinations 
of other factors such as temperature and nutrient availability.  
4.7 Conclusion  
Chaetoceros sp. CCMP (1690) cultures grown under 1000ppm seawater carbonate conditions 
showed enhanced growth rates and cell counts compared to cultures grown under 280ppm 
seawater carbonate conditions. Most of the time, the predicted future seawater carbonate con-
ditions reduced the cell normalised iodate uptake and iodide production of Chaetoceros sp. cul-
tures compared to cultures that were under pre-industrial seawater carbonate conditions. The 
study also observed that the predicted 1000ppm seawater carbonate conditions did not influ-
ence the membrane permeability of Chaetoceros sp. CCMP (1690) cultures compared to cultures 
grown under pre-industrial seawater carbonate conditions. Moreover, no association was found 
between the change in membrane permeability of Chaetoceros sp. cells and the iodate to iodide 
conversion process. In 2100, seawater carbonate conditions could enhance the growth of Chae-
toceros sp. CCMP (1690) cultures and could change the iodate to iodide conversion process of 
Chaetoceros sp. cells. Therefore, in ocean regions where Chaetoceros sp. cells are highly domi-
nant, 2100 seawater carbonate conditions could affect the biological carbon pump of the oceans 
and the deposition of trophospheric ozone. This could have an impact on climate by influencing 
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4.8 The appendix   
Appendix 1 
Appendix 1 describes the trials that were conducted to set the best method to obtain similar pre-

















                  Panel A2 
Start pH 8.42 
End pH 8.43 
Change in pH 0.01 
Dissolved CO2 16 mol kg-1 
TIC 22.2mg/l 
                   Panel B2 
Start pH 8.29 
End pH 8.29 
Change in pH 0 








































                       Panel C2 
Start pH 8.35 
End pH  8.35 
Change in pH  0 
Dissolved CO2 16 mol kg-1 
TIC 22.1mg/l 
Panel D2 
Start pH 8.2  
End pH  8.21 
Change in pH  0.01 






Figure A1: The line graphs showing the change in pH of f/2+ si media overtime when bubbled 
with 280ppm CO2 (panels A1, B1, C1, D1, E1) and tables showing the carbonate system param-
eters after bubbling (panels A2, B2, C2, D2, E2).  
Appendix 2  
Appendix 2 describes the trials that were conducted to set the best method to obtain the expec-



























Start pH 8.2  
End pH  8.2 
Change in pH  0 
Dissolved CO2 16 mol kg-1 
TIC 22.1mg/l 
                       Panel F2 
Start pH 8.45 
End pH  8.39 
Change in pH  0.06 
Dissolved CO2 33.3 mol kg-1 





Trial 3  

































                         Panel G2 
Start pH 8.28 
End pH  8.22 
Change in pH  0.06 
Dissolved CO2 33.3 mol kg-1 
TIC 23.9 mg/l 
                       Panel H2 
Start pH 8.4 
End pH  8.33 
Change in pH  0.07 
Dissolved CO2 33.3 mol kg-1 
TIC 24.2 mg/l 
                         Panel I2 
Start pH 8.11 
End pH  8.01 
Change in pH  0.09 
Dissolved CO2 33.3 mol kg-1 










































                         Panel J2 
Start pH 8.08 
End pH  7.98 
Change in pH  0.10 
Dissolved CO2 33.3 mol kg-1 
TIC 23.8 mg/l 
                         Panel K2 
Start pH 8.00 
End pH  7.90 
Change in pH  0.10 
Dissolved CO2 33.3 mol kg-1 
TIC 23.4 mg/l 
                        Panel L2 
Start pH 7.85 
End pH  7.74 
Change in pH  0.11 
Dissolved CO2 33.3 mol kg-1 
TIC 23.1 mg/l 
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Trial 8  
 
Figure A2: The line graphs showing the change in pH of f/2+ si media overtime when bubbled 
with 1000ppm CO2 (panels F1, G1, H1, I1, J1, K1, L1) and tables showing the carbonate system 
parameters after bubbling (panels F2, G2, H2, I2, J2, K2, L2). 













                        Panel M2 
Start pH 7.80 
End pH  7.72 
Change in pH  0.08 
Dissolved CO2 33.3 mol kg-1 
TIC 22.8 mg/l 
